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DECLARATION UNDER 37 C.F.R. fil-132 op pat h , j. MAraoq 
I, Paul J . Maddon, M.D. , Ph.D, hereby declare that: 

1. I am a coinventor of the invention currently being 
claimed in the subject patent application. 

2 - I am also Chief Executive Officer of Progenies 
Phamaceuticals, Inc. ("Progenies') in Tarrytown, New 
York, the assignee of record of the subject application - 
A copy of my curriculum vitae is attached hereto as 

3. I am familiar with United States Patent No. 5,565,335 
( w, 335 patent*) issued October 15, 1996 to Daniel J. 

Capon and entitled Adhesion Variants . Example 2 of the 
•335 patent purports to be a procedure for obtaining a 

CD4-IgG heterotecramer which consists of the VI region of 

CD4 . 

4. I am also familiar with PCT International Publication No. 
WO89/02922 <«PCT Publication") , published April 6, 1989, 
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the specification of which is identical to that of the 
'335 patent. 

I reviewed the PCT publication shortly after it was 
published in 1989. After reviewing the PCT Publication, 
particularly Example 2 thereof. I understood that a CD4- 
IgG heterotetramer which included only the VI domain of 
CD4 would be expressed in 293 cells, myeloma cells or 
other competent cells following the description in the 
PCT Publication. 

Also, the common understanding in the field as of October 
2, 1987, the earliest date priority of which is claimed 
in the PCT Publication and the '335 patent, was that a 
chimeric antibody, such as a CD4-lgG heterotetramer, when 
expressed in 293, myeloma or other competent cells would 
be secreted. Copies of scientific publications evidencing 
that this was the common understanding in the field as of 
October 2, 1987 are attached hereto as p^^frj-^ 2 fi 

Accordingly, 1 directed and supervised scientists at 
Progenies to conduct an experiment to make the CD4-IgG 

heterotetramer eoneiating of the Vl domain of CD4 

described in Example 2 of the PCT Publication. The 
experiment i6 recorded in the laboratory notebook of Ms. 
Dina Burstein, a technician, and true and accurate copies 
of the relevant laboratory notebook pages (except that 
the dates have been redacted) are attached as P^rh i Hf 6 
The result of this experiment was that the CD4-IgG 
heterotetramer containing only the Vl domain of CD4 did 
not secrete, i.e. no chimeric antibody product could be 
detected when plasmids encoding the heterotetramer were 
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expressed in Cos cells, Cos cells were known in the fxeld 
to be capable of being transformed with vector DNA, i.e 
•competent" as of October 2, 1987, as shown by the 
scientific papers attached hereto as Exhibits 7-n , 

8. The experiments referred to in paragraph 7 are also 
referenced in Che subject patent application at page 4 0, 
lines 5-8, where it states that efforts to secrete a 
heterotetramer having only the VI domain of CD4 were not 
successful. That the heterotetramer described in Exanple 
2 of the PCT Publication which consists of only the VI 
domain of CD4 did not secrete when expressed in Cos cells 
was surprising. because at the time, it was expected that 
a CD4-IgG chimeric antibody which included only the VI 
domain of CD4 would secrete. 

9. Based on the experimental results that the CD4-IgG 
chimeric antibody containing only VI did not secrete, it 
would have been expected that a CD4-IgG heterotetramer 
containing both the VI and V2 domains of CD4 would also 
not secrete since there was no basis as of October 2, 
1987 to expect a VI V2 containing chimeric antibody would 
behave differently from a vi only containing chimeric 
antibody. 

10. Accordingly, it would not have been obvious to one of 
ordinary skill in the field as of October 2, 1987 that if 
one expressed a V1V2 containing chimeric antibody in 
competent cells, it would secrete, i.e. there was no 
reasonable expectation of success that a V1V2 containing 
heterotetramer could be secreted . 
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11. After the experiment described in paragraphs 7-10. I 
directed and supervised scientists at Progenies to make 
a CD4-IgG heterotetramer consisting of both the VI and V2 
domains of CD4 . When plasmids encoding this 
heterotetramer were trans feet ed and then expressed in Cos 
cells, the very same competent cells from which the 
chimeric antibody containing only the VI domain of CD4 
dad not secrete, unexpectedly the heterotetramer was 
secreted and therefore, could be, and was, purified. The 
experiment which resulted in the successful secretion and 
subsequent purification of the heterotetramer consisting 
of both the VI and V2 domains of CD4 is described on page 
45, lines 14-32 and an Figure 12 of the subject 
application. 

I hereby declare that all statements made herein of our own 
knowledge are true and that all statements made on information and 
belief are believed to be true; and further that these statements 
were made with the knowledge that willful false statements and the 
like so made are punishable by fine or imprisonment, or both, under 
S 1001 of Title 18 of the United States Code and that such willful 
false statements may jeopardize the validity of the application or 
any patent issued thereon. 

Date:_^l£^Ooi 

Paul J. Maddon, M.D-, Ph.D 
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The safety and pharmacokinetics of recombinant CD4-im ra uno^b^ G (rO^l^were ^^J" 
„h«»i«udv with dose escalation. A total of 16 patients, 6 with AIDS and 10 with AJDS-reta^ compte^wenc 
phase study with ° os «~"'" rf bospiu j ci^c. r CD4-lgC was administered once weekly for 12 weeks to 

" h, , oWks dose croup and intr.muscular Tor the remaining patient*. PharmacoklneUc, toxlctty, 
immunologic v3e«« mL.ored with .» patient.. Adtninistratto. of. rCW-lgC 
tuh no impo^nt clinical or immunologic toxicities noted. No subjectt reqwred d «V™^~ rtJfZElL 
«iion oHh.« P y due to toxicity. No consistent clmnges were seen u. human ^UDodeficlen^r^^l^een 
uation oiinrnp; . . ' t populations. The volume of disuibutioo was small, and compared with that 
T£S> U^n." 21 Tt^dCiecule was marked., prolonged followtag Utr^usc-Ur ~J»*™»~ 
lESZSam. Tb. rat. and /stent of abso rp^oUowIng £*« Zn^^^ 
.jmir.i.Miii.n of rCD4-l£G appears to be inferior to intravenous dosing from » pti»nn4M»iunew iiwp»w t 
wlrt ^T-k conco.u.tionsTnd variable absorption. After -^"^^,^"^^1^^ 
^' " ' TrCTM-lsG in serum (20 to 24 »ag/tnl) that have shown antiviral activity hi vitro agates! more sensitive 
^ Sutes of hvm« immunrfeociency virus were achieved. Tb. pe^c^n.r,tio« to sJW 
mtr^muscutar administration were below thee level,. Treatment with ^ , * G , , ^f'°£^ "'^ 
do^ administered to patients in this study but did not result In significant changes in CD4 lymphocyte counts 
or p24 antigen levels in serum. 



CD4 is a surface glycoprotein of a subset of mature T 
lymphocytes and serves as the primary receptor for human 
immunodeficiency vims (HIV) (10. 21. 23, 26) and c ass II 
major histocompatibility complex antigen in humans (7, 14, 
22). Infection of CD4-bearing cells by diverse strains of HIV 
type 1 (H1V-1) and by the closely related lentiviruses H1V-2 
and simian immunodeficiency virus is mediated by the 
binding of a viral envelope glycoprotein. gpl20. to cellular 
CD4 (27). The subsequent destruction of CD4 lymphocytes 
by direct viral cytopathicity. or possibly by immune mech- 
anisms which may not distinguish between infected cells and 
uninfected cells with free viral gpl20 on the surface, is 
important in the pathogenesis ofA IDS (23). 

Recombinant soluble CT>4 (rCD4). like native CD4, binds 
viral g P 320 wiih high affinity (11, 13. 18. 29, 30). The antiviral 
effects of rCD4 have been demonstrated in vitro by the 
measurement of decreases in both HIV-induced syncytium 
formation and reverse transcriptase activity (4^ 11. 13. 18, 
29, 30). In addition, in vivo evidence of rCEM antiviral 
activity against simian immunodeficiency virus in rhesus 
monkeys has been reported (33). Phase 1 clinical trials with 
patients with AIDS and AlDS-reloted complex (20. 28) have 
shown that levels of rCD4 in serum comparable to concen- 
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trations that exhibit antiviral effects in vitro are achievable 
without apparent toxicity; however. rCD4 is rapidly cleared 
from circulation, with a half-life of approximately 1 h after 
intravenous dosing and 9 to 11 h after intramuscular or 
subcutaneous administration (20). 

Hybrid molecules incorporating rCD4 that offer improved 
pharmacokinetics and possibly more potent antiviral activity 
compared with those of rCD4 (3. 5, 31) have been developed. 
A recombinant human CD4-immunoglobulm G (rOM-lgC) 
hybrid molecule (3, 5) has been shown to bind viral gpl20 as 
readily as rCD4 and to have similar in vitro antiviral activity. 
Potential advantages of rCD4-lgC relative to rCD4 include a 
longer serum half-life and Fc-receptor binding by the IgG 
portion of the molecule, resulting in elimination of HIV- 
infected cells, as has been shown to occur in vitro (3). On the 
basis of these data, we conducted a phase 1 evaluation of the 
safety and pharmacokinetics of rCD4-lgG for patients with 
AIDS and AlDS-related complex. 

MATERIALS AND METHODS 

Subjects. Sixteen patients, aged 18 years or older, with a 
diagnosis of AIDS or AlDS-related complex were enrolled. 
All had documented HIV infection and total CD4 cell counts 
of =?M» cells per mm 3 . Centers for Disease Control diagnos- 
tic criteria for AIDS were used, and AlDS-related complex 
was defined as one or more of the following symptoms 
present for more than 30 days: fever, night sweats, diarrhea 
without an identifiable pathogen, weight loss of 10% or more 
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of baseline, fatigue, oral ha^^tukoplasia, raJ candidiasis, 
and HIV antigenemia. Subjects were required to be intoler- 
ant of or unresponsive to zid vudine therapy or to have 
declined zidovudine therapy. Entry criteria included a neu- 
trophil count f 1.0 x Ur/mm' or greater, a platelet c unt 
of 75 x lOVmm 3 or greater, total bilirubin of 1 J mg/dl r 
less, an aspartate aminotransferase level less than three 
times the upper limit f normal, a prothrombin time Jess 
than 1.5 times that of the control, and a creatinine level of 
2.0 mg/dl or less in serum. Patients with serious active 
opportunistic infections and malignancies other than Kapo- 
si's sarcoma were excluded. Women who were pregnant or 
breast feeding and subjects with reproductive potential who 
were unwilling to use effective contraception, were also 
ineligible. Administration of zidovudine, ganciclovir, intra- 
venous acyclovir, interferon, other immunomodulau'ng 
agents, or experimental therapy was not allowed during the 
initial phase of the study. Patients with a prior history of 
Pneumocystis carinii pneumonia (PCP) or with a total CD4 
count of £200 cells per mm 3 were allowed to receive 
prophylactic therapy for PCP. Suppressive therapy for mu- 
cocutaneous candidiasis was allowed. No patient had re- 
ceived any antiretroviral agent, antineoplastic chemother- 
apy, or immunomodulating therapy for at least 4 weeks prior 
to entry. This study was approved by the Committees for 
Human Research al the New England Deaconess Hospital, 
Boston, Mass., and the University of California, San Fran- 
cisco. Written informed consent was obtained from aJ] 
subjects prior to participation. 

Study design. This study was a two-center, phase 1. 
open-label evaluation of the safety and pharmacokinetics of 
rCD4-JgG. Four patients each were enrolled at doses of 0.03, 
0.1, 0.3, and 1.0 mg of rCD4-lgC per kg of body weight. 
Administration was intramuscular for 14 patients and intra- 
venous for 2 of the 4 patients receiving the J. 0- mg/kg dose. 
AH patients received a single weekly injection of rCD4-lgC 
at a fixed dose for 12 weeks. Pharmacokinetic studies were 
performed on days 1 through 7 and with selected patients 
after 12 weeks. 

After completing the initial 12-week phase of the protocol, 
patients were allowed to continue maintenance therapy 
administered intramuscularly or intravenously. During the 
extended maintenance phase of (he study, the dose for each 
patient was escalated to either 0.3 mgSkg twice weekly or 1.0 
mg/kg weekly. During this maintenance phase, concomitant 
zidovudine therapy was permitted, as was systemic chemo- 
therapy for progressive Kaposi*: sarcoma. 

Clinical and laboratory monitoring. Complete histories 
were obtained and physical examinations were performed 
prior to entry and every 2 weeks throughout the study. 
Safety monitoring at regularly scheduled intervals included 
complete blood counts. with differentia! and platelets; serum 
chemistry profiles including sodium, potassium, calcium, 
uric acid, blood urea nitrogen, creatinine, cholesterol, tri- 
glycerides, glucose, lactate dehydrogenase, albumin, alka- 
line phosphatase, total bilirubin, and aspartate and alanine 
aminotransferase levels: urinalyses; prothrombin and acti- 
vated partial thromboplastin times; and chest radiographics 
and electrocardiographies <at entry). Lymphocyte popula- 
tions, quantitative immunoglobulins, total serum comple- 
ment, and anti-rCD4-IgG antibody determinations were fol- 
lowed as immunologic safety parameters. 

Human rCD4-lgG. Human rCD4-lgG consisted of a por- 
tion of rCEw including the gpl 20- binding domain fused to the 
human JgGl heavy-chain constant region and was produced 
by oligonucleotidt-directed deletional mutagenesis after in- 
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sertion int a ^Bbse hamster ovary -cell line (5, 16). Th 
molecule was is latcd from<cell culture medium and punned 
by routine methods of protein isolation. The final product 
was tested f r general safety, purity, and sterility according 
to guidelines from the Center for Biologies Evahrati n and 
Research, F od and Drug Administration. The rCD4-IgG 
was supplied as a sterile lyophilized powder for re constitu- 
tion with sterile water t 5 mg/ml by Gene me cb, Inc., South 
San Francisco, Calif. The two patients who received the 
1.0-mg/kg intramuscular dose required multiple injections. 
The sites for intramuscular injection were standardized and 
rotated sequentially between deltoid and gluteal sites n 
each patient. Patients received their injections from the 
study nurses and were not allowed to self administer. 

Anti-rCD4-IgG antibody. Radioimmunoprecipitation with 
a modification of the Fair assay (6, 12) was used t detect 
antibodies to rCD4-]gG. The molecule was radiolabeled with 
,23 1 by a modification of the lacto peroxidase method. Spe- 
cific activity was confirmed by double-antibody enzyme- 
linked immunopcroxidase assay. A rhesus monkey anti- 
rCD4-lgG antiserum served as a positive control. Th 
presence of antibody was defined as a binding level equal to 
twice that of the negative control. 

. HJV antigen assay. Serum samples obtained before and 
during the study were frozen at -70*C and later thawed and 
tested simultaneously for HIV antigen. A commercial kit 
(Abbott Laboratories, North Chicago. III.) was used t 
measure HIV antigen in serum. In the laboratory in which 
the test was performed, an HIV antigen level of greater than 
30 pg/ml was considered positive. 

Pharmacokinetic analysis. Serum samples were c llectcd 
from each patient prior to dosing and at the following times 
postadministration: 10 and 30 min: 1, 2. 4, 6, 8„ and 12 h; and 
2. 3* 4. 5. 6. and 7 days. Quantitation of rCD4-IgG levels in 
scrum was accomplished by using an enzyme immunoassay 
with a monoclonal antibody. Leu 3A. that recognizes the 
gpl20-binding domain and a second antibody specific f r th 
immunoglobulinlikc domain of rCD4 for capture. I menu no- 
re active protein concentrations were used to construct semi* 
logarithmic concent rat ion- versus- time curves. Exponential 
equations were fitted to the intravenous and intramuscular 
data from individual patients by using a weighted nonlinear 
least-squares parameter estimation procedure (NONLIN84. 
version 87; Statistical Consultants. Lexington, Ky.). The 
area under the curve, clearance, initial volume, volume of 
distribution at steady state, half-life, and mean residence 
time in the serum following intravenous administration of 1.0 
mg/kg were calculated from the coefficients and exponents of 
the exponential equations, assuming that eliminati n oc- 
curred only from the central compartment. The area under 
the curve and the absorption and elimination half-lives 
following intramuscular administration were calculated from 
the fitted data. The bioavailability (expressed as a percent- 
age) following intramuscular administration was calculated 
for each patient as the ratio of the dose-corrected area under 
the curve following intramuscular administration to the 
mean dose-corrected area under the curve following intra- 
venous dosing multiplied by 100. The maximum concentra- 
tion in scrum and time to reach the maximum concentration 
were observed values. 

RESULTS 

A total of ]& patients were enrolled. Two patients who 
each received a single injection of rCD4-lgG are not included 
in the analysis. One of these patients experienced no adverse 
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TABLE 1. Patte rn characteristics el tmry 

rrz " " vuuc 

Chancumtie* 

- 18 

No. enrolled 

16 

No. evaluated 

16rt> 

No. male/no. female 

A*e<yr) 39 

Mean : " 29-56 

Range 

AJDS . 6 

No. of patienti j 

No. with Ol 0 

No. witbKS .»»- j 

No. with both KS and OI 

Mean duration of AIDS diagnosis (ran* e)* 21 <3-MJ 

No. with previous therapy with itdovudme ^ 

Total CD4 (cells'mnV) J4 j (J 3f - 

Hemoglobin (g/ol)...- v . v . ; »-»..--» 4 fe (fJ 7) r 

Leukocyte count UO 5 cells/mm 3 ) • ° * u/| 

AIDS-relaied complex . jn 

No. of patients j"-* « 

No. with previous therapy with zidovudine ■ 

Total CD4 icells/mm 3 ) • 13 6 (1 6r 

Hemoglobin (g/dl) .-.——-» y. 3 7 <1 2r 

Leuk ocyte count UP 3 cells/mm 3 ) J / w ' r 

- 01. opponuiusik infection: KS. Kapo^, s»rcom.. 

* Value in months. 

• Mean (standard deviwion). 



effects but requested removal from «ht study for personal 
reason* on day 5. The other patient was removed from the 
"udy when he required hospitalization for an acute exac er- 
Son of t pretxis.ing psychiatric illness on day 1 of .the 
study. Patient characteristics at entry are shown m Table 1 
Ah patients were maJe. with a mean age of 39 yeare. Ten 
pa ients had AlDS-rela.ed complex, and s,x had AIDS. Ip 
Sole patients with AIDS, the mean duration of AIDS 
diacnosi« was 21 months prior to entry irange, 5 to 54 
momSsj: Fourteen patients had received zidovudine therapy 

'"oAre valuable patients. 15 completed the initial 12 weeks 
of the Mudy One patient treated with 0.3 mg'kg was w.th- 
2,wn fIom y .he s«ucy a, week 6 when then : was Profession 
of mild HIV dementia that existed pnor to his "tenng the 
Mudy Administration of iCD4-)gG was not interrupted for 
any oiher patient during the initial 12 weeks. An opportun.s- 
f£ £f,riion or malienancy developed in three patients 
during th initfa. pTa * of the study, as follows: one patien, 
X had a diagnosis of AIDS-relaied complex at entry and 
who was treated with 0.03 mg of rCD<-lgG per kg developed 
^ai^d Kaposi's *arcoma and PCP at week 9 while rece.v- 
Z, Aerosolized pentamidine prophylaxis and was success- 
S, 3 wSh intravenous pentamidine, one patrent 
uta*ed w*h 0.3 mg of rCD4-lgG P«r kg developed Kapos, s 
sarcom* a week 6 but did not require systemic therapy, and 
one pT.1en. who had a diagnosis of AlDS-rela.ed complex 
and who was treated wilh 1.0 mg of rCD4-lgG per kg 
developed PCP at week 3 while not on prophylaxis (CD4 > 
So) and was successfully mated with trimethoprim and 

^During the initial 12 weeks of the study, no intolerable 
symptoms were reported. Severe esthema was reported by 
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tw patients at days 36 aT^52. Since this sympt m was 
present in these patients prior to their entering the study it 
Was judged to bTunrelaied t administration f the study 
mcdicati n. All ther symptoms were graded mild to mod- 
crate and included fever, sweating, dimness, agitation, 
depressi n, paresthesia, tremor, short-term memory loss, 
myalgia, abd minal pain, back pain, nausea, vomiting, diar- 
rhea, rhinitis, and rash. N ne f these sympt ms were 
indued to be related t administration of the study medica- 
id. The mean body weight f r the «ure group^ was 
unchanged from entry to week 12. and no individual pauent 
sustained a 10% or greater decrease in body weight over the 
course of the study. . f . f 

The mean leukocyte count, hemoglobin level, and platelet 
count for each dose group did not change significantly over 
the course of the study. Twelve patients had mild to moder- 
ate leukopenia (leukocyte count, li x 10* to x W7 
mm*). In all of these patients, the leukopenia was present at 
entry or was transient. One subject with a leukocyte count of 
2.6 x HrVmm 5 at entry had transient severe leukopenia 
(leukocyte count, l* x-ieMo 1.49 * 1^'™'). ^"ST?' 
neutropenia that was mild (neutrophil count. 0.75 x 10* to 
3 00 x IfP/mm 5 ) or moderate (ncutrophn count, 030 x ltr 
to 0.75 x lOVmm 5 ) occurred in five patients and one patient, 
respectively. Progressive decreases in total leukocytes or 
neutrophils did not develop in any patient with continued 
rCD4-lgC administration. One patient had moderate anemia 
(hemoglobin level. 10.0 to 12.0 g/dl). and llhad mild anemia 
(hemoglobin level. 12.0 to 14.0 g/dl). The : pat »ent with 
moderate anemia had hemoglobin levels of 9.2 ^mg/dl * 
entry. 8.8 mg/dl on day 2, and 9.0 to 10.6 mg/dl during the 
following 12 weeks. Ten of the patients wuh mild anemia had 
either transient decrees or preexisting mild anemia. Tne 
hemoglobin level decreased from 133 to 11.9 mg*l comci- 
dent with intravenous pentamidine treatment for PCP in one 
patient. No patient received transfusions during < he initial 
phase. Mild thrombocytopenia {platelet count. 75 > IV to 
300 x lO^/mm 3 ) was sten in three patients. Thrombocytope. 
nia was present at entry in two patients and was transient m 
a third patient, and it did not progress in any instance. 

The mean values for aspartate aminotransferase, alkaline 
phosphatase, total bilirubin, and creatinine levels for each 
dese group did not change significantly over the course of 
ihe study. The level of aspartate aminotransferase was 
mildly elevated (50 to 150 lU/liter) in one pauent and 
moderately elevated (151 to 300 IWUier)-iii another The 
level of alkaline phosphatase was mildly elevated (188 to 375 
lU/iiter) without concurrent aspartate aminotransferase ab- 
normality in one patient. In each case, therapy was contin- 
ued and repeat testing 7 weeks later demonstrated resolution 
of the abnormalities. The only statistically significant change 
in serum chemistry values was a rise in alkaline phospha tase 
for all dose groups combined (P «= 0.025). It should be :noted 
however, that this rise was not dose related and did not 
result in mean alkaline phosphatase values above the upper 
limits of normal. One patient previously diagnosed with 
Gilbert's syndrome had a total bilirubin level of 1.8 mg/dl at 
entry and a transient rise to 2.1 mg/dl. No other elevations of 
levels of alkaline phosphatase or total bilirubin were seen. 
Creatinine levels in serum rose from 1.2 to 1.7 mg/dljnone 
patient during intravenous pentamidine therapy and later 
returned to normal. No other elevauons in creatinine levels 

were noted. , * . - „ j „ 

Five patients had prolonged prothrombin times noted on 
one or more occasions. A prolonged activated partial trom- 
boplastin lime was seen in two patients on one or more days. 
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Dose f miA|J and 
cell type 



Man no. of cdb/mm' tSD) at: 



Entry 



Day 15 



weefce 



Week 12 



0.03 
CD4 
CDS 

TotaJ lymphocytes 

0.1 
CD4 

CDS 

Toial lymphocytes 

0J 
CD4 
CDS 

TouJ lymphocytes 

1.0 
CD4 
CD8 

Toial lymphocytes 

All dose groups 
CD4 
CD8 

Total lymphocytes 



269 (134) 
1.133 (471) 
1.723 (772) 



113 (112) 
1.133 (612) 
1.723 (780) 



131 (346) 
333 (183) 
973 (263) 



76 (102) 
666 (208) 
1.073 (411) 



132 (134) 
871 (465) 
1.373 (649) 



249(316) 
1.164(393) 
1.773 (806) 



113(117) 
1.162 (372) 
1.630 (686) 



121 (91) 
398 (336) 
900 (424) 



66(60) 
843 (263) 
1.330(465) 



138 (113) 
942 (4£3) 
1.419(631) 



227 (320) 
900(606) 
1.423 (750) 



123 (130) 
1.005 (490) 
1.430 (603) 



126 (123) 
745 (337) 
1.100 (408) 



33 (12) 
614 (506) 
1.075 (685) 



127 (120) 
816 (468) 
1.263 (588) 



226 (124) 
975 (223) 
3.475 D86) 



113(106) 
943 (448) 
3.425 (562) 



90(104) 
668 (492) 
930 (592) 



67(94) 
480(296) 
930 (451) 



124(115) 
771 (399) 
1,200(520) 



0.149 (-115, 28) 
0.413 (-691. 374) 
0.348 (-968. 466) 



0.973 (-23. 23) 
0325 (-780. 360) 
0.259 (-988. 388) 



0J95(-257. 135) 
0.568 (-613, 924) 
0.909 (-616. 666) 



0J95(-257. 135) 
0.080 (-413. 42) 
0.194(^364, 114) 



0.102 (-63. 6) 
0.271 (-286. 86) 
0.069 (-365. 13) 



• Four patient* were in each dose iroup. 

* V&Jucs arc from pMtrrd * w*t of individual values, 
n means, week 12 compared with entry. 



v cca 12 compared with cniry. Valve* in p«nnthc*cs art 95 *t confidence intervals for observed differeoct 



In each case, rCD4-lgG administration was continued and 
repeat testing revealed norma] values for both prothrombin 
and activated partial thromboplastin times. All abnormalities 
of prothrombin and partial thromboplastin times appeared to 
be isolated events, most consistent with laboratory error. 

Immunologic safety monitoring. T-cell subset analyses are 
presented in Table 2. Consistent or sustained changes in 
total lymphocyte. CD4, or CD8 populations were not noted. 
Serum antibodies to rCD4-IgG vverc not detected during 
testing of 179 specimens from 17 patients during the initial 
phase of administration, including samples from 14 of the 17 
patients at week 12. In addition, antibodies to rCD^-IgG 
have not been detected in any patient receiving prolonged 
maintenance dosing or in the limited number of patients 
usied tc date at up to A weeks following the final injection of 
rCD4-]gG (1). Additional safety monitoring icvcaJed no 
consistent changes in quantitative immunoglobulin or total 
complement levels in serum. 

HIV antigen *ss£y. Ten patients had positive HIV antigen 
determinations in serum at entry'. Significant sustained 
changes in HIV antigen levels in serum were not seen 
overall. Two patients at the highest dose level (1.0 mg/kg/ 
week) had HIV antigen present at entry* Of these, the 
paucnt who received rCD4-IgG intravenously had higher 
levels of rCD4-IgG in scrum and exhibited a decline in HJV 
antigen levels in scrum to less than 5095: of the baseline level. 

Pharmncokinrtlc analysis. Peak rCD*-lgG concentrations 
in scrum of 20 to 24 p>£/mJ were observed 10 mir, after the 
l.O-mg'kg intravenous dose. The initial and steady-state 
volumes of distribution were small (30 and 76.5 ml/kg. 
respectively), clearance was slow (1.92 ml/h/kg). the termi- 
nal half-life was long (2 days), and the mean residence lime 
in the scrum was 40 h. The dais obtained following intra- 
muscular administration arc summarized in Table 3. The rate 



and extent of absorption following intramuscular dosing 
were quite variable; absorption half-lives ranged from 2.4 lo 
25 .8 h, terminal half-lives ranged from 18.6 to 68.3 h, and the 
bioavailability ranged from 9 to 47%. The mean pharmaco- 
kinetic profiles of the four intramuscular-dose groups, a 
comparison of the mean intramuscular and intravenous 
pharmacokinetic profiles for the 1.0- mg/kg dose, and a graph 
comparing concentrations in serum of 0.3 mg of rCEM-IgG 
and 0.3 mg of rCD4 per kg administered intramuscularly (20) 
arc displayed in Fig. 1. panels A, B, and C, respectively. 

DISCUSSION 

CD4 immunoadhesins, created by the fusion of rCD4 with 
the heavy chain of lgG, have been shown in vitro to retain 
the gp320-binding and HIV-blocking properties of rCD4 (3, 
5). In addition, studies with rabbits and monkeys demon- 
strated that these molecules also possess properties of IgG, 
most importantly, long plasma half-life and Fc -receptor 
binding (3, 3). The observed 18.6- to 68. 3 -h elimination 
half-life of intramuscularly administered rCD4-IgG is sub- 
stantially longct than the mean elimination half-life of 9.4 h 
reported following intramuscular dosing with rCD4 (20). 
However, absorption following intramuscular administration 
of rCEM-IgG was quite variable, resulting in low bioavail- 
ability and average peak concentrations in serum appr xi- 
maiely 10-fold lower than the average peak levels measured 
in the two patients treated with intravenous rCD4-lgC. Since 
the terminal half-life following 1.0 mg of intravenous rCD4- 
IgG per kg was approximately 2 days, it appears that the 
intramuscular route of administration offers no advantage 
ever the intravenous route from a pharmacokinetic stand- 
point. 

Prior to clinical trials with rCD4-bascd molecules, theo- 
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1 ABLE 3. Pharmacofcineuc dau obuintd at.c. immmusculM ond im.avenoui adminisimiion of »CP4-lgO by don group 



Route »od 
dote (miW 
(«) 



lntramuK-ulmi 

0.03 (3) 
0.1 «) 
0.3 14) 

1.0 ai* 



Mron (SD) and rung* 




Intravenous 

i.o ar 



45 (23). 22-70 
271 (106). 367-380 
461 (235). 163-759 
2.724 <2.736). 776-«.672 

22.238 (2.811). 20.230-24J23 



7.3 <6.6). 2.4-18.4 
4.3 (1.4). 2.8-6.2 
11.0(10.0), 33-23.8 
8.9 (3 J). 6.6-11.2 



37.3 (19.6). 18.6-68.3 23 (13). 14-T7 

31.3 (10.2). 22.6-43 J 31 (13). 14-46 

36.9 (16.8), 23.7-41.6 24 (14). 9-38 

33J (2.1). 31.8-34.8 21 (9). 14-27 



12 (1-6), 10.8-13.1 30.2(8.3), 44.2-36.2 



^ SLL' ; h ^ST.kVc l ^i. b conccn^^ - 17-5 cxp (-0.0390 piu, 3.1 «p (-0-014,,. whe~ time (I) b * Kour*. 



retical concerns regarding the immunologic safely of this 
therapy were raised. Antibody-dependent : cellular cytotox- 
icitv mediated by natural anti-gp320 antibodies interacting 
w!* soluble tiral j gp320 bound to healthy "bystander" CD4 
cells, ha* been proposed as one possible mechanism ac- 
counting for the CD4-lymphocyie deplet.on in HIV-infected 
natienis (24). Soluble gp!20 is thought to have only a single 
CD4-binding site which is occupied when gp!20 binds io 
cellular CD4. Since the single CD4-binding site on the gpl20 
moUculi T iTthen unavailable, it is unlikely that rCD4-lgC 
would be able to bind to gp320 that is attached to uninfected 
TD4 bearing bystander cells. This is supported by in vitro 
studies lowing that while rCD4.)gG mediated cellular cy- 
oicxicity toward HIV-infected lymphob bsio.d ceils unin- 
fected cell* preincubated with soluble g P 120 weic not killed 
when exposed to rCD4-igG (5). Further studies of CD4 
immunoadhesins using monocyte -macrophage cell lines 
showed no evidence of enhanced infection in cells express- 
ing high-affinity Fc receptors (3). f . . . 

In oui «tudy. careful monitonng of lymphocyte popula- 
tions quantitative immunoglobulins, and complement levels 
in -erVm did not reveal evidence of immunologic toxicity. In 
addition, antibodies against rCEW-JgC i were not detected in 
any patient during therapy or after rCD4-lgG was discontin- 
ued Finally, other laboratory parameters and clinical mon- 
itoring did not demonstrate any important toxicity attribut- 
able to rCD4-lfG. 

Although some individual patients had persistent de- 
crease* in HIV antigen levels in serum, overall consistent 
change's in HIV antigen levels and numbers of CD* lympho- 
cyte 'were not observed during the initial phase of study. 
Further Mudies arc needed to determine whether higher 
doses at 'more frequent intervals will result in "nsjsient 
measurable changes in these parameters. 
IrG-mediaied cellular cytotoxicity against HIV-infected 
cells will be clinically important remain; to be deiermined as 

W The potential role of rCIM-lgG in HIV infection cannot be 
determined from this safety and pharmacokinetics study, 
though the apparent of males it an attractive 

&reni for in vivo trials of combination therapy. In vitro 
studies uMng two or three drug combinations of an rCD4 
molecule 2idcvudine, and recombinant alpha interferon 
have demonstrated reproducible synergistic inhibition of 
HIV-1 as measured by p24 antigen assay, reverse tran- 
scriptase activity, yields of infectious virus, and indirect 
immunofluorescence (19). In these studies, concentrations of 



the rCD4 molecule as low as 0.02 u,g/ml combined with 
subinhibitory concentrations of zidovudine and/or recombi- 
nant alpha interferon suppressed HIV-1 replication more 
effectively and for a longer period than any of the agents 
used alone (19). A second group of investigators have sn wn 
that rCD4 concentrations as low as 1 u.g/ml combined with 
subinhibitory concentrations of zidovudine, -«•« Jg- 
inosine, or 2\3'-dideoxycytidine result in synergistic inhibi- 
tion of HIV-1 without toxicity in vitro (17). Furthermore, 
rCD4 alone at a concentration of 200 u.g/ml has been sn wn 
to inhibit the spread of the III© strain of HIV-1 fr m 
chronically infected pulmonary alveolar macrophages to 
uninfected peripheral blood mononuclear leukocytes in vitro 
even in the face of free cell-to-cell contact (15). Finally, the 
combination of dideoxyinosine and rCD4-IgG has been 
shown to exhibit synergistic anti-HlV activity in vitro in 
lymphoid and monocytic cell lines as well as in normal 
peripheral blood mononuclear leukocytes uulumf both lab- 
oratory strains and fresh clinical isolates (8). 

One recent report suggests that clinical HIV "otett s may 
be relatively more resistant to neutralization by rCDf than 
laboratory strains such as HTLV-I11 B (9). The *>* 
tory dose of an rCD4 for 11 clinical isolates of HIV was 13 to 
190 u.g/ml, compared with 0.7 u.g/ml necessary to inhibit 
HTLV-111 B . Three of the same clinical strains were ^stcd 
with a CD4-IgG hybrid molecule and found to be inhibited at 
concentrations of 2.4 to 40.0 u.g/ml (90% *nhib"tory d se). 
The relative resistance of clinical isolates of HIV has been 
confirmed in our laboratory as vvell (2). However, the peak 
levels of rCD4-)gG achieved in this clinical trial approach the 
concentrations needed to inhibit some of the relatively 
resistant clinical sirains, and no dose-limiting toxicity was 
seen. Further dose escalation studies that are needed t 
establish the maximal tolerated dose and to assess clinical 

efficacy are now under way. 

The unique mechanism of HIV inhibition and apparent 
safety of rCIM-lgG suggest that investigation of the agent 
under special circumstances other than AIDS and A1DS- 
related complex may also be indicated. rCD4-lgG has been 
shown to cress the placentae of pregnant rhesus monkeys in 
tmounts similar io those of native IgG (3). Studies to assess 
the poiential for preventing HIV transmission in utero would 
be of interest (32). Finally, the investigation of a possible 
role for rCD4-lgG or other compounds that prevent the 
initial binding and uptake of HIV by target cells in prevent- 
ing HIV infection following parenteral exposure may be 
warranted (32). 
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FIG. 1. (A) Mean rCIV-lpG concentrations in serum following 
intramuscular dc&ing on day 3. £> moots: 0.03 mg4.g; #, 0.J 
mf'kg; D. 0.2 mg'kg; 4. 2.0 mg/kg. (B) Mean rCD4-JpG concentra- 
tions in ^rum for the 3.0-mg/kg intravenous and intramuscular 
desca administered on day 2. Symbols: G« intravenous; A, intra- 
musrulu. iC) Mean rCD4 (■) end rCD^-IgG O concentrations in 
scrum following intramuscular ad minis Lit ion of 0.3 nig/kg. 
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Summary: To assess the safely, pharmacokinetics, and antiviral effects of in- 
travenous recombinant CD4 immunoglobulin G (CD4-JgG), a 12-week Phase 
One study with an optional maintenance phase was performed. Twenty-two 
subjects with advanced human immunodeficiency virus (HIV) infection were 
enrolled; 15 subjects completed the initial !2 weeks. CD4-IgG doses were 30, 
100, or 300 ^gflcg weekly; 1.000 Mg^£ once, twice, or three times per week; or 
3,000 ng'kE twice weekly. Serum concentrations of CD4-IgG increased linearly 
with dose, with average peak serum concentrations of 22 Hg/ml with 1,000 
Hg/kg. CEK-IgG was well toltrated; one paiient had jelf-limited tachycardia 
and flushing associated with CEM-IgG therapy. No changes were seen in CD4 
cell counts, hematologic or coagulation studies, serum chemistries, HIV p24 
antigen titers, or ptesma HIV titers. No subject developed anti-CEW antibod- 
ies. HIV isolates ftom five petit nts had IC^ values that were higher than the 
peak concentrations of CD4-lgG achieved in those patients. Additional studies 
that achieve higher CD^-lgG concentrations are necessary to evaluate the 
amiviibl activity of this compound. Key Words: CD4 immunogJobulir 
Antirctroviral rhertpy— HIV — Phase one — Recombinant CD4. 



Therapies for human immunodeficiency virus 
type one (HIV) that inhibit viral reverse tran- 
scriptase delay progression of disease, but eventu- 
ally arc associated with clinical failure. New thera- 
peutic strategies for the treatment of HIV arc 
needed, and one potential strategy is based upon 
blocking viral entry into uninfected cells. The en- 
velope glycoprotein of HIV (gpI20) binds with high 
affinity to the human CD4 molecule (1-3). In vitro, 
recombinant soluble CD4 (rCEW) and derivatives of 
CD4 have been shown to inhibit HIV, although sub- 
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stantially higher concentrations are needed to in- 
hibit primary clinical isolates of HIV than labora- 
tory strains (4-9). Binding of CD4 also results in 
shedding of gpI20 from virions (10), It appears that 
the differences seen between sensitivity to CD4 of 
clinical and laboratory strains of HIV may be re- 
lated to structural changes in the HIV envelope gly- 
coprotein, which effect both the binding of CD4 and 
gpI20 shedding from virions (11). 

In humans, rCD4 is well tolerated, but has a se- 
rum half-life of approximately I h, is associated 
with The development of anti-CD4 antibodies and 
Coombs positivity in some patients, and showed 
little antiviral or immunologic benefit at doses up to 
30 mg/day, which were tested in two Phase One 
studies (12,13). 
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t£ 1*G using doses up to 1 mg/kg demonstrated 
^this Jent was well tolerated, but that th.s mode 
3 diction had .ess favo.ab.e P^aco .net- 
's than those seen with high-dose i.v. adminisira- 
on L wo patients (17). We report ,hc r«u « of a 
one study of intravenously administered 
fiElS in humans, which achieved substantially 
X V™« concentrations of CD4 than had been 

Iccntra^oni f of HIV isola.es from the pauen.s. 
METHOD 
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or other experimental therapies. 



Study Design 

. iin c rilnical Tritls Croup Protocol 121. was 8 
Thi« Mudy. AIDS Clinical u"" t~r\* i»r. iin 

mi. UU J- , c „| a , n? doses of CD«-!»G (3U, 

tv.o-center. open-Ubel mal oi .« » ihree 

inn vio uefke once ptr week, low on '■ c • ... 
100. 300 m<K| one p* gmn by , „ 

limo per *■«».■ ™J f,'^! of therapy. <*ch subject received 
TddoJ o,cS 12 0 cc« S ive y f rc U p f of iU b J ec. S wer« 

r^s s = - S£- — ^ 81 ciiher 



the same d se (100. 300. 1.000."«g«^») given two or three 
SieTS week, or a higher dosel*Rx> for "ho*. imually 
treated wilh lower doses) given one i three uroes per week, 
depending upon how high the d se escalation had progressed 
when they finished the initial 12 weeks. During the extension 
phase of the study, subjects with ut a history of adovudjne in- 
tolerance could take concurrent zidovudine therapy at a dose of 
300-600 mg/day. 

Clinical and Laboratory Analyses 

The subjects gave written informed consent, and the study 
protocol was approved by ihe institutional review boards of the 
participating insiitutions. Subjects were seen frequently for clin- 
ical and laboratory moniioring. Potential toxicities (symptoms 
und laboratory result*) were graded as mild or minimally abnor- 
mal, moderate, or severe. Subjecis receiving the first four dose 
levels had pharmacokinetic studies performed dunng Weeks 1 
and 12, with blood collection prior to the CD4-IgG dose, and at 
10 and 30 min. and 1. 2. 4. 6. 8. 10. and 12 hours, and once daily 
for 6 days nosidosing. Selected subjects underwent voluntary 
lumbar puncture for collection of cerebrospinal fluid (CSF) for 
determination of CD4-lgG concentration: simultaneous serum 
was collected. The liming of these procedures relative to dosing 
of CD*-1«C was determined by ihe patient's convenience. 

Serum and CSF specimens, froien at - 21TC were assayed for 
CEW-lgG concentrations, using an entyme-linked immunosor- 
bent assay (EL1SA) (16). Serum samples were also assayed foe 
anii-CD4 antibodies using a radioimmunoprecipuation assay 
,17) CD4 and CD8 cells from peripheral blood were counted 
with use of monoclonal antibodies and flow cytometry. Serum 
samples from each subject, frozen at -7<TC. were assayed si- 
multaneously for HIV p24 antigen by ELISA (Abbot. Uborato- 
ries. North Chicago. 1L. U.S.A.). and the findings were con- 
firmed by nemralizaiion assay. The cutoff for a posit.ve result 
was *30 pg/ml. Plasma was drawn every 4 weeks for quanUta- 
tive HIV cultures, which were performed as previously de- 
scribed, with serial fivefold dilutions to a maximum of «:'5- 6 » 
(18) The virology and immunology laboratories that performed 
the assays for this study followed quality control procedures 
established by the AIDS Clinical Trials Croup. 

Ex vivo de.erminaiion of rCD4-lgG inhibitory concentration 
for P lasma.a J5 ociated HIV from patients was performed for 
CD4.|gO as follows for f.ve subjects who had sufficient plasma 
available after ihe quantitative HIV cultures were performed 
U9I. Undiluied plasma was obtained from ^^^T* 
blood following a low-speed centrifugation at 800 , 
and froicn a. - 7CTC. After thawing, plasma was Td.ered I «M5 £ 
,o remove cellular or plate* debris, and a fivefold 
from 1:3 to 1:13.62-3 was prepared in 12 * 75-mm atenle screw 
c, P m.cro.ubes with sealing O-rings (Sars.cdt. 
U.S.A.). with use of 240-uJ aliquot, Of plasma and! WO u.1 of 
,i s .ue culture medium. A similar dflution senes of rCD4-lg<] i was 
mVde over the range from 290 to 0 ug/ml. A matnx senes com- 
prising 12 * 75-mm polystyrene tubes each containing 850jUol 
STwcthr. plasma dilution and 830 ul of ihe «i^tWhW 
1B G dilution was prepared, mixed, and «*«*.«d •< >™ !™ 
hVur. An 800-ul .liquo. from each dilution tnj. ,.«M «0 dupli- 
cate wells (24-wtll plaie;Cosiar. Cambndge. MA, U.S.A.), eon 
taining 2 > 10' 2-3 day-old phytohemagglotimn-sumulated donor 
inphera. blood mononuclear cells in a final 2-m. vo.ume of 
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culture medium per well. The plates weic placed into low- 
oens.ty polytihyltne bags (no. 6235-05*, Nalgene. Rochesur, 
NY, U.S.A.) *nd incubated for M days in a 3% CO, nonhumtd- 
ified incutftior. The culture wells were considered positive if the 
HIV p24 antigen increased by >30 pg/ml over the antigen con- 
centration in each well at the lime of initial setup. The concen- 
tration required to displace 50% (IC**) and 90% (JQJ of lir«nd 
binding per milliliter of plasma was calculated for logarithm- 
iransformtd data by the Reed-Muench method (20). 

Statistical Analysis 

Comparisons between baseline and on-thcrapy results were 
made wiih use of WilccAon's or / tests for continuous variables 
and the x 3 l « l for discrete variables. All p values were two- 
tailed. 

RESULTS 

Study Population 

Twenty-two subjects were enrolled between Sep- 
ttmbei 1989 and February 1991 ai the University of 
Washington (n = 13) or at Stanford University (n - 
9). During the first 12 weeks, subjects were as- 
signed to receive the following doses and schedules 
of CD4-IgG: five to 30 jig/kg/week; foui to 100 and 
300 ^g/kg/wtek; eight to 1,000 u.g/kg, one once, 
three twice, and four three times per week; and one 
subject to receive 3,000 u-g two time.s pet week. The 
characteristics of the subjects aje shown in Table 1. 
Nineteen (ht%) of the subjects had CD4 cell counts 
of <200/mm 3 - All 22 subjects had previously taken 
zidovudine, foi a mean duration of H months 
(range, 1-31 months); 10 discontinued treatment be- 
cause of toxicity, 7 refused additional use, and 5 

TABLE 1. Characteristics of the 22 subjects at entry 



Characteristic 



Finding 



40.1 - 7.S 
22/22 



Age (yetrs. mtfan r SD) 
No. of men 
Diagnosis 

AIDS. -no. 1%) 

AJDS-re lated complex 
CD4 cells/mm 3 , median (range) 

AIDS 

AlDS-reUied complex 
HIV p24 fntigen detectable, no. f&) 

Median, pg'ml (range)" 
HIV plasma viremia. 

No. positive/no. tested [9c) 
Previous zidovudine 
Pneumocystis carinii prophylaxis. 

no. {%) 

AIDS, acquired immune deficiency syndrome: HIV, human 
immunodeficiency virus. 
• Among those with detectable HIV p2< antigen. 



12 15!) 
10 f45). 

12 (0-307) 
MO (R- 240) 

17(77) 
285 (45-8.M2) 

M/l£ (78) 
22/22 

\b (62) 



E 



3C m(|/k| Uvx>4) 
IOC mcj/kg <n»4| 
SOOmcf/Kf tn*4) 
\0OC mcj/Kg i*wl) 



c 

2 




0.1 < 



0 12 3 4 5 4 

Time <d*ya) 

FIG. 1. Mean concentrations of recombinant CD4- 
immunoglotulin G following i.v. bolus administration of 30. 
100. 300, and 1.000 u-Q/kg. 



discontinued for both reasons (toxicity at high dose 
and tefusal of lower doses). Zidovudine had been 
discontinued a mean of 4 months (range, 1-24 
months) prior to study entry. In addition, one sub- 
ject each had received zalcitabine, didancsine. or 
foscamet prior to enrollment. Among the subjects 
receiving prophylaxis for Pneumocystis cminii 
pneumonia (PCP) during the trial. 13 received pent- 
amidine monthly by aerosol, three were taking tri- 
methoprim-sulfamethoxazole, and two received 
dapsone. There were no significant differences in 
clinical characteristics among the various dosing 
groups. 

Pharmacokinetics 

Serum concentrations of CD4-]gG increased lin- 
early with dose, with average peak serum concen- 
trations of 22 Hgto! following the first -1.000 u-g/kg 
do.se (Fig. 1 and Table 2). CD4-IgG was cleared 
slowly and the terminal half-lives ranged from 30.7 
to 86.5 hours. There was no change in the pharma- 
cokinetics during Week 12. 

Twelve subjects underwent lumbar puncture dur- 
ing the study. CD4-JgG was undetectable (<0.013 
>jg/ml) in the CSF of eight subjects who had simul- 
taneous serum concentrations ranging from unde- 
tectable to 0.103 pg/ml. Four subjects, each receiv- 
ing 1 .000 *ig/kg, had CSF CD4-IgG concentrations 
of 0. 018-0. W2 ^ig'ml, with simultaneous serum con- 
centrations of 9.8- 11.4 figfmU indicating CSF:se- 
rum ratios of 0.2-0.4%. 
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TABLE 2. *»-*»» <*" »>' d °" J °' iUbjtC ' S """" "** ° f CD ^ m ' nUn0g ' 0h '" i '' C 



o&e. ng^pn) 

30 (4) 
100(4) 
300 (4) 
1,000 (2)* 



Concentration 
at 10 min 
(mean i SD: u.g'ml) 



Initial 
hall-lite* 
(range; h) 



Terminal 
half-life- 
(range; h) 



Volume centra) 
companmtm 
imtan r SD; ml/kg) 



Volume-steady 
stale 

(mean - SD; ml/kg) 



Clearance 
(Mc&n =: SD; 
ml/h/kg) 



0.77 - 0.46 
2.15 - 1.47 
6.75 - 2.27 
19.8 i0.li f 



5.2-13.4 
2.2-9.4 
2.0-10.8 
7.5-8.5 



30.7-71 
3J.3-86.5 

32.3- 71.9 

32.4- 37.5 



55.6 z 23.8 
67.0 * 39.0 
58.6 =: 25.2 
53.9 = 4.0 



91.3 ± 37.3 
110.8 * 47.5 
95.1 ± 38.2 
85.6 2 7.4 



2.4 r 0.7 

3.0 =: 1.5 

2.8 i 1.4 

2.3 i 0.0 



"77 7- ~ A .r^r^ntntial equations so mean half-life not available. 

• Described by b- »nd ^*P°" entl " H ala from two patients who received 1. 000 ug/kg once per week. 

: srssiri^sss js^sM^i^ccdv^ „« rf *,« *»« <* . .000 ^ - , 

.86 »ig/ml. 



Course During the Initial 12 Weeks 

Fifteen subjects completed the initial 12 weeks of 
Jie study. Four subjects terminated early because 
,f the progression of existing or development of 
lew AlDS-related complications, disseminated My- 
■obacunum avium complex in three (one with new 
: oncunent PCP). and new gastrointestinal Kaposi s 
[arcoma in one; two discontinued for other medical 
reasons (periappendiceal abscess and severe de- 
pression); and one patient wiihdrew consent. 

CD4-1FG was well tolerated. The only even! con- 
sidered likely to be related to CD4-JgG therapy was 
transient mild-to-moderate tachycard.a and flushing 
associated with the first five doses (1,000 ug/kg) m 
one subject; no specific therapy was required and 
the subject continued the study. The only severe 
symptom that occurred was transient dizziness and 
mild confusion during Week 5 in the i object who 
subsequently was diagnosed with AlDS^ementia 
complex; a relationship to CD4-J g G treatment was 
judged unlikely. A variety of m.W. self-limited 
symptoms occurred in different subjects (vomiting 
headache, fever, abdominal pain, fatigue), which 
were judged unrelated to CD4-lgG. 

No signiftcant changes were seen in weight, or 
CD4 and CDS ceils counts and peicentages during 
treatment at any dose of CD4-lgG (Tables 3 and 4). 
Similarly, serum chemistries, hematologic or coag- 
ulation studies, renal function, liver function tests 
venim immunoglobulins, serum complement, and 
urinalyses remained stable. All 17 subjects who had 
delectable HIV P 24 antigen remained positive, with 
no significant change in titer (Tables 3 and 4). 
Among the 18 subjects who had quantitative plasma 
HIV titers performed. 14 (78%) had detectable 
plasma vi.emia. Among the subjects who com- 
pleted the study, the median (range) titers at base- 
line and Week 12 were 139 mean tissue culture in- 



fective dose (TClD J0 )/ml (0-3,493) and 139 TClDy/ 
m [ (0-3,548), respectively (Table 4. Fig. 2). 

No subject developed anti-CD4 antibodies (112 
samples from 20 subjects were assayed). 

Clinical Course During Maintenance 

Eleven of the 15 subjects who completed 12 
weeks of therapy continued treatment for a mean of 
21 weeks (range, 3-34). One received 100 u.g/kg 
twice weekly; two received 300 u.g/kg twice weekly; 
eight leceived 1.000 p.g/kg. four once, and four 
twice per week. During this phase, three subjects 
had progressive HIV disease; disseminated M. 
avium complex. PCP, and AIDS dementia complex 
occurred in one subject each. 

CDtf-lgG continued to be well tolerated, with no 
adverse experiences that were related to therapy. 
One subject who started the study with trace pro- 

1 ABLE 3. Urmulnlottic vnd immunologic rrsulls ul buxtlin* 
unJ Wrrk 12 of C D4-immunoglohulii> C trraimeni 



Characteristic 


Result (mean 


= SD) 




WeekO 


Week 


12 


Hemoglobin, 
g/dl 


12.3 r 2.4 


12-3 2 


1.9 


White blood 






1.6 


count/mm** 


3.8 = 1.5 


3.9 = 


Lymphocytes/ 
mm 3 


1,134 ± 586 ' 


903 - 


432 


Platelets x 




204 r 




10-VnW 


196 - 85 


110 


CD4~ cells/ 




56 z 


80 


mm J 


71 z 102 


CD8* cells/ 




489 z 


312 


mm 3 


668 ^ 406 


HIV p24 antigen. 








pg/ml; median 
< range) - 
Weight, kg 


283 <45-*,6l2) 
75.3 r 9.4 


272 (3tV 10.855) 
74.2 =. 9.6 



Among MJtjrcis who had detectable antigen prior to study 
entry- 
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1 a£LL 4. CD4* cell counts end quantitative viroiogic result* at entry^B Week 12 





CD* * 


cells/mm 3 


Plasma HIV liier (TClD^ml) 


HIV p24 antigen (pg/ml) 


Subject 
no. 


Entry 


wee* \i 


Entry 


VTCCK 1a 


Fnirv 


Week 12 


r 

2 


B 

o 


16 


3.495 


ND 


249 


224 




M 

j j 


3,493 


699 


171 


205 


3 


A 

u 


o 




699 


Nf Dative 


Negative 


4 


0 


V 


J 


n<j 

U7 


Negative 




5 


6/ 


11 

Jl 


A? 1 

M 1 


Ml 


^ i 


§ 14 


6" 


* AA 

144 


III 


077 


1 J7 


iOJ 


"jut 


7 


e 
O 


11 
I J 


137 


1 37 


10B 




8* 


12 


0 


0 






Negative 


9* 


24 


1/1 


©77 




*n 


JO 


10 

II - 

12 

13 

14* 

\5 


15 


JO 


139 


1 1O 

13V 


IZj 


23 B 


159 


1 OA 


0 


689 


67 


I/O 


54 


IO 

17 


0 


0 


426 


432 


171 


138 


ND 


ND 


Negative 


Negative 


3 


T 


ND 


ND 


Negative 


Negative 


307 




o 


o 


717 


455 


16 


178 


63 


139 


0 


922 


273 


17 




99 


0 


699 


43 


120 


IS 
19° 

2<r 

21 

22 


74 


20 


5 


28 


149 


150 


5 


10* 


ND 


ND 


921 


2.668" 


78 


75 


ND 


ND 


2*0 


179 


15 


19 


141 


3.348 


8.612 


10,855 


68 


0 


3.34fi 


ND 


408 


399 



HJV, human immunodeficiency virus; TC1D X , mean tissue culture infective dose; ND, not done. 
• Terminated study therapy early. *Week 2. 'Week 1. "Week 3. 



teinuria developed 2+ proteinuria during Week 32, 
but had stable ienal function; and one subject de- 
veloped moderate but self-limittd dizziness and 
ataxia for 4 days during Week If. Laboratory re- 
sults for CD4 and CD8 counts, immunoglobulins, 
hematologic and coagulation tests, renal function, 

3.5 -j 

I T 
§ 2.1- j 



m 

a 0.0 — — 

eS -0.7- I ] ' ' 1 ' 

o 

C -1.4- 
et -2.1- 

I -2.8- J- 
u 

.3 5 j . — 1 — ■ 1 

Baseline 10 Baseline 10 
Mid-Study Wee^ 12 
n=l4 n>i5 

FIG. 2. Change In quantitative human immunodeficiency vi- 
rus plasma virus tilers from baaelin* during i.v. recombinant 
CD4-immunoglobulin G therapy. Horizontal lines shew the 
median and range of titers; the boes represent the Inier- 
Ccanile (J6-7t%) range. The star represents data from one 
outlier. Mio-stuoy samples were drawn at Weeks 2 (n * 9), 3 
(n = 1), 6 (n - 2), and 6 (n = 2). 



liver function, complement, and scrum chemistries 
continued to be stable. Absolute CD4 cell counts/ 
mm 3 were (mean +; 1 SD) 67 r J 05 and 64 r 103 at 
the beginning and end of maintenance therapy, re* 
spectively. Among the seven HIV p24 antigen sub- 
jects participating in this phase of the study, antigen 
levels were stable, with median (range) values in 
pg/ml of 454 (35-10,855) and 150 (64-12.386), re- 
spectively, at the start and end of this treatment 
phase. Similarly, titers of quantitative plasma cul- 
tures were stable in five patients for whom data are 
available over a median of 12 weeks (Fig. 2). 



HIV Susceptibility Results 

Because of the unimpressive in vivo antiviral ef- 
fects of these doses of CD4-IgG, eight isolates from 
five subjects who had sufficient plasma available 
were tested for their in vitro susceptibility to CD4- 
JgG. AJI five HIV isolates from baseline had IC^ 
values that were above peak serum concentrations 
of CD4-]gG that were achieved in that patient, and 
four of five had 1C 30 values that were above peak 
serum concentrations (Table 5). The susceptibilities 
of three isolates tested prior to and after 12 weeks of 
CD4-]gG therapy were unchanged. 
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1 ABLE 5 Inhibitory concentrations of C^mmunoilcbuiin 0 <l g G)for clinical human tmmuno* 
. 1 AiJi-t a. inw u j plasma before and after therapy 



ciency virus {HIV) isolates 



Subject 



Study 
week 



rCE*-JgG 
dose (M«/k£) 



Entry 
Entry 
Entry 

12 
Entry 

12 
Entry 

12 



30 
300 
300 

1,000 

4,000 



Plasma HIV titer 
nClD^ml)* 


Inhibitory concentration 
of rCDMgG <ne"nl) 

ic* iQ* 


peak serum 
rCD4.1gG Wml) 


3.493 


10 


36 


1.3 


3^495 


78 


2,540 


3.5 


699 


38 


774 


4.2 


699 


15 


130 




139 


13 


193 


19 


139 


11 


88 


27.5 


699 


>250 




699 


>250 




23.3 



" c . . , Bumbc „ „. lht same « in Table 3. 1C1D*,. me*n lii.ue culiur. infecii*. do«; IC*,. concentration required lo displace 50* 
• Plasma was obtained for culture prior to the infusion. 



DISCUSSION 

This study demonstrates the, critical important for 
clinical studies of antiretroviral therapies of under- 
standing the biology of HIV and the poiential for 
differences in laboratory strains and patient isolates 
of HIV. Although the serum concentrations of CD4- 
]gG achieved in this study were 1,000 times greater 
than the IC* of laboratory strains of HIV, they 
were still less than the IC W of HIV strains isolated 
from subjects in this study. Thus, the lack of effect 
of CD4-lgG on the virologic and immunologic pa- 
rameters in this study is likely explained by the fail- 
ure to achieve sufficiently high concentrations of 
this agent rather than because of its intrinsic lack of 
antiviral efficacy. This study was designed and con- 
ducted prior to the recognition that clinical isolates 
of HIV have a markedly lower susceptibility to 
CD4-lgG than do laboratory strains of HIV (9). Fur- 
ther support for this hypothesis comes from animal 
studies, in which high concentrations of CD4-lgG 
were demonstrated to prevent infection in chimpan- 
zees challenged with HIV (16), and from a simian 
immunodeficiency virus model in Rhesus monkeys 
where high dose soluble CD4 therapy was associ- 
ated with clinical improvement (21). These studies 
both achieved peak serum concentiations of CD4 
greater then 190 mcg/ml, almost 9-fold gieater than 
we achieved in this study with our 1.000 ug/kg 
dose. In addition, we have subsequently shown that 
sufficiently high concentrations of recombinant sol- 
uble CD4 can be achieved in vivo to neutralize the 
HIV infectivity of plasma virus (22). 

CD4-JgG has a more favorable pharmacokinetic 
profile for chronic intermittent administration than 



docs soluble CD4, which has a half-life of ^1 hour 
(12,13). Bioavailability of CD4-IgG administered 
i.m. is 9-47%, resulting in peak serum concentra- 
tions substantially less than that achieved with i.v. 
dosing (17). 

This study provided an opportunity to measure 
HIV plasma virus tilers in patients with advanced 
HIV infection ever time. The median titer remained 
unchanged, and most patients appeared to havt lia- 
ble titers during the study, suggesting that this tssay 
may be a useful, albeit labor intensive, way to mea- 
sure the antiviral efficacy of higher concentrations 
of CD4-based agents. 

Although designed as a dose-escalation study, 
economic limits in the potential cost of a therapy 
that would require chronic administration of high 
deses (grams) of recombinant protein precluded es- 
calation to a maximum tolerated dose. At the doses 
studied. CD4-lgG was well tolerated, with no dose- 
iimiting toxicity identified, and no evidence of de- 
velopment of anti r CD4 antibodies. In addition, oth- 
ers have demonstrated that continuous infusion 
CD4-IgG therapy was associated with improved T 
helper cell function (23). In order to further charac- 
terize the activity of CD4 therapy, additional stud- 
ies using higher doses, especially in populations 
such as pediatric patients, where higher concentra- 
tions could be more easily achieved, would be of 
interest and are warranted. 

Jn addition, further investigation of the use of 
CD4-]gG in combination with other antiretroviral 
agents would be of interest. Lower doses of CD4- 
IgG in conjunction with other therapies might pro- 
vide additive oi synergistic antiviral activity in 
vivo, as has been demonstrated in vitro for recom- 
binant soluble CD4 (24,25). 



Journal oj AtqmifO tmnwitt Orftcirncy Syncrcmei and Human Retrovirofogy. Vol. 10. No. 2. 7995 



Acknowledgment: This work was sUp^Rd by grams 
'• Al-2'sbbA from the AJDS Clinical Trials Group of the Na- 
-tionaJ Institute of Allergy and Infectious Diseases and 
RJ*-37 from the National Institutes of HcaJth. The authors 
thank Douglas Arditti, Kaihryn Beigei, and Charles 
Cooper for clinical assistance; Paul Boutin and Ellen 
Gilkerson for statistical assistance; J. Groopman, Kim 
Chaioupka, and James Stamateou for laboratory assis- 
tance; and Nancy Coomer for manuscript preparation. 

REFERENCES 

1. DtJgicish AG, Beverley PC, Clapham PR, Crawford DH. 
Grtaven MF. Weiss RA. The CD4 (14) antigen is an essen- 
tial component of the receptor for the AIDS retrovirus. Na- 
ture 1984-312:763-7. 

2. KUumann D. Champagne E, Chamtrcl S t et al. T-l>mpho- 
cyu 74 molecule behaves as the receptor for human retro- 
virus LAV. Nature 1984 J 12:767-8. 

3. McDougal JS, Kennedy MS. Sligh JM. Con SP. Mawle A, 
Nicholson JK. Binding of HTLV-UJ/LA V to T4 -j T cells by 
a complex of the I10K viral protein and the T4 molecule. 
Science 1986;231:382-5. 

4. Smith DH, Byrn RA, Marsiers SA. Gregory T. Groopman 
JE, Capon DJ. Blocking of H1V-1 infeciivity by s soluble, 
secreted form of the CD4 antigen. Science 1967:238: 1704-7. 

5. Fisher RA, Benonis JM, Meier W. ri al. HIV inftciion is 
blocked in vitro by recombinant soluble CD4. Nature 1988; 
311:76-8. 

6. Hussey RE. Richardson NE, KowaJski M. et al. A soluble 
CD* protein selectively inhibits H!V replication and syncy- 
tium formation. Nature 1988 33 1 :78-8l. 

7. Decn KC. MrDoufal JS. Inscker R. «t al. A soluble foim of 
CD* (T4) protein inhibits AJDS virus infection. Nature 1988; 
331:82-4. 

I. Traunecker A. Luke W, Karjalainen K. Soluble CD* mole- 
cules neutralise human immunodeficiency virus type I. Na- 
ture 1988;331:84-6. 

5. Daar ES, Li VL, Moudgil T. Ho DD. High concentrations of 
recombinant soluble CD4 are required to neutralize primary 
human immunodeficiency virus type I isolates. I toe Nat 
Acad Sci USA 1999;87:6474-8. 

10. Moore JP. McKeaung JA, Weiss RA. Saticniau QJ. Disso- 
ciation of gpl20 from HIV-I virions induced b> soluble C D*. 
5rj>nce 1990;250:1139-42. 

11. Moore JP. McKeaiing JA. Huang Y. Ashkcnaii A. Ho DD. 
Virions of primao human immunodeficiency virus type I 
isolates resistant tc soluble CD4 (&CD4) neutralization differ 
in sCD* binding and glycoprotein gp!20 retention from 
sCD4-jensilive isolates. J Virol 1992:66:235-^3. 



ran^^bs 



12. Schooley RT, Merigan^^Daut P, et al. Recombinant sol- 
uble CD* therapy in peiicnts wiih the acquired immunode- 
ficiency syndrome (AJDS) and AIDS-releted complex. Ann 
Intern hied 1990;112:247-53. 

13. Kahn JO, Allan JD, Hodges TL. et al. The safety and phar- 
macokinetics of recombinant soluble CD4 (rCD4)in subjects 
with the acquired immunodeficiency syndrome (AJDS) and 
AJDS-relaied complex. Ann Intern Med 1990;112:254-61. 

14. Capon DJ. Chamew SM. Mordcntt J. et eJ. Designing CD4 
immunoadhesins for AIDS therapy. Nature 1 989 J 37:525- 
31. 

15. Byrn RA. Mordenti J, Lucas C, el al. Biological properties 
of a CD4 immunoadhesin. Nature 1990;344:667-70. 

16. Ward RHR. Capon DJ, Jen CM, et al. Prevention of HIV-I 
IIIB infection in chimpanzees by CD4 immunoadhesin. No- 
ture 1991^52:434^. 

17. Hodges TL, Kahn JO. Kaplan LD. et al. Phase I study of the 
recombinant human CD4-immunoglobulin G therapy of pa- 
tients with AIDS and AIDS-related complex. Antimicrob 
Agents Chemother 1991.35:2580-6. 

18. Coombs RW. Collier AC, Allain J-P. et aJ. Plasma viremia in 
human immunodeficiency virus infection. N Engl J Med 
1989;321:1626-31. 

19. Coombs RW. Collier AC, Gibson JW, Nelson KE. 
Chaloupka K, Ammann A. Corey L. Relationship between 
the in vitro HIV- 1 inhibitory dose of rCD4-IgC and the ex 
vivo plasma-associated HIV-1 liter. Twenty-first Annual 
Keystone Symposia. March 27*31, 1992. lAbstroct Q5I2]. J 
ClinBiochem I992;suppl 16E:77. 

20. Belle w HC. Neutralization. In: Spec tor S. Lanc2 GJ. eds. 
Clinical virology manual. New York: Elsevier, 1986:187-99. 

21. Matanabe M. Reimann KA. DeLong PA. Liu T. Fisher RA. 
Letvin NL. Effect of recombinant soluble CD4 in rhesus 
monkey* infected unih simian immunodeficiency virus of 
macaques. Nature 1 989 *J 37: 267-70. 

22. Sehacker T. Coombs RW, Collier AC, et al. The effects of 
high-dose recombinant soluble CD4 on human immunodefi- 
ciency virus type 1 viremia. J Infect Dis 1994;169:37-40. 

23. Cltrici M. Yarchoar, R. filatt S, Hendrix CW, Ammann AJ. 
BrodeT S, Shearer CM. Effect of a recombinant CD4-lgG on 
in viuo T helper cell function: data from a phase I/I f study of 
patients with AIDS. J Infect Dis 1993;168:1012-6. 

2^. Johnson Va, Banon MA, Chou T-C, ei al. Synergistic inhi- 
bition of human immunodeficiency virus type I <HIV-1) rep- 
lireiion in vitro by recombinant soluble CD4 and 3'ozido* 
3 deo>yihymidine. J Infect Dis 1989;159:837-44. 

25. John&on VA, B*rlo» MA. Merrill DP. Chou T-C. Hirsch 
MA. Three -drug synergistic inhibition of HIV- 1 replication 
in viiro by zidovudine, recombinant soluble CD4 and recom- 
binant inicrferon-alpha A. J Infect Dh 1990:161:1059-67. 



toumot cf Acquired Immune Deficiency Syndromes and Human Retrovir olu$cy. Vol. 10. No. 2. 1995 



326 



CONCISE COMMUNICATION 

Single-Dose Safely, Pharmacology, and Antiviral Activity of the Human 
Immunodeficiency Virus (HIV) Type 1 Entry Inhibitor PRO 542 
in HIV-infected Adults 



Jeffrey M. Jacobson, 1 Israel Lowy,' 

Courtney V. Fletcher/ Tobias J. O'Neill, 1 

Diep N. H. TrarV Thomas J. Ketas, 3 Alexandra Trkola,' 

Mary E. Kidman, 1 Paul J. Maddon,' William C. Olson, 1 

and Robert J. Israel' 



1 Mount Sinai Medical Center and* Aaron Diamond AIDS Research 
Center, New York, and * Progenia Pharmaceuticals. Me.. Tarry town. 

New York; 'University of Minnesota, Minneapolis 



PRO 542 (CD4-IgG2) is a recombinant antibody-like fusion protein wherein theFv portions 
of both the heavy and light chains of human lgG2 have been replaced with the D1E>2 domains 
of human CD4. Unlike monovalent and divalent CD4-bascd proteins, tetravalcnt PRO 542 
potently neutralizes diverse primary human immunodeficiency virus (HTV) type 1 isolates. In 
this phase 1 study, the first evaluation of this compound in humans, HIV-infected adults were 
treated with a single intravenous infusion of PRO 542 at doses of 0.2-10 mg/kg. PRO 542 
was well tolerated, and no dose-limiting toxicides were identified. Area under the concentra- 
tion-time curve, and peak scrum concentrations increased linearly with dose, and a terminal 
serum half-life' of 3-4 days was observed. No patient developed antibodies to PRO 542. 
Preliminary evidence of antiviral activity was observed as reductions in both plasma HTV 
RNA and plasma vircmia. Sustained antiviral effects may be achieved with repeat dosing with 
PRO 542. 



There is an urgent need for new human immunodeficiency 
virus (HIV) therapies that target additional stages of the viral 
replicativc cycle. PRO 542 (tetravalem CD4-lgG2 fusion pro- 
tein) (1] is a novel H1V-1 entry inhibitor that incorporates 4 
copies of the virus-binding domains of CD4, the primary re- 
ceptor for HIV-1. PRO 542 binds the H1V-1 envelope (env) 
glycoprotein gpl20 with nanomolar affinity and neutralizes pri- 
mary HIV-1 regardless of genotype or phenotype [2, 3]. The 
concentration required to achieve a 90% reduction in viral in- 
feciiviiy in vitro (IQo) is -20 /ig/mL and is readily achieved in 
vivo. In ex vivo assays, PRO 542 is similarly effective at neu- 
tralizing the infectivity of plasma obtained from HIV-1 -infected 
persons, which indicates that this agent is active against the 
diverse viral quasi species that are encountered clinically [4]. 
PRO 542 also protects against infection by primary isolates in 
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the human peripheral blood lymphocyte (hu-PBL)-SClD 
mouse model of HIV-1 infection [5]. 

Compared with monovalent or divalent CD4-bssed proteins. 
PRO 542 has consistently demonstrated as much as 100-fold 
greater activity against primary HIV-1 isolates [1, 2, 4, 6). PRO 
542*s antiviral activity compares favorably with that of the rare 
human monoclonal antibodies (MAbs) that broadly and po- 
tently neutralize primary viruses [1-3, 6]. In addition, PRO 542 
therapy is, in principle, less susceptible to the development of 
drug-resistant viruses than are therapies that employ anti-env 
MAbs or portions of the highly mutable HIV-1 env glycopro- 
teins. Tli us, PRO 542 may have clinical utility as a therapeutic 
or prophylactic agent that neutralizes cell-free virus before it 
can establish new rounds of infection. 

This report describes the results of the first clinical investi- 
gation of PRO 542. The phase 1 trial was conducted to evaluate 
the tolerability, pharmacokinetics, and immunogenicity of this 
compound in HIV-infected adults. Additional analyses exam- 
ined the antiviral effects of PRO 542 when administered as a 
single intravenous infusion. 

Methods 

PRO 542. PRO 542 (Progenies Pharmaceuticals, Tanytown, 
NY) was expressed in recombinant Chinese hamster ovary cells, 
was purified via column chromatography, and was supplied at 5 
mg/mL in PBS (1]. 

Study design. This was an open-label, dose-escalation study 
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of PRO 542 in HIV-infected adults. Cohorts of 3-6 patients were 
treated successively with a single 15-30-min intravenous infusion 
of PRO 542 at doses of 0.2, 1.0, 5.0, and lOmg/kg. Inclusion criteria 
included stable oi no anti-HIV therapy for 2*4 weeks prior to the 
study, >3000 copies of viral RNA/mL, >50 CD4 ce!ls/^L t and nor- 
mal hematologic and serum chemistry values. 

Pattern evaluation. Vital signs were recorded at frequent in- 
tervals on the day of treatment and on follow-up visits. Blood 
samples were collected -2 weeks before treatment, immediately 
before dosing, and at specified lime points «£4 weeks after infusion. 
Complete blood counts, serum chemistries, and urine analyses were 
done 1 week after treatment. Samples were processed in the clinical 
laboratories of Mount Sinai Medical Center for routine hemato- 
logy and chemistry. Plasma and serum fractions were stored at 
- 70 C C prioi to virologic and immunologic evaluations. 

Pharmacokinetic analysis. Cyropreserved serum samples were 
analyzed foi PRO 542 by ELISA. In brief, patient serum containing 
PRO 542 was used to inhibit binding of the anti-CD4 antibody 
Leu-3a (Becton Dickinson, Franklin Lakes, NJ) to microliter plates 
coated with recombinant soluble CD4 (Bands, Issaquah, WA). 
Bound Leu- 3a was detected by enzyme-conjugated goat antibody 
to mouse IgG. The lower limit of detection is 50 ng/mL. The ter- 
minal serum half-life was calculated by regression analysis of the 
terminal portion of the concentration-time curve. Area under the 
concentration-time curve, from time 0 to infinity (AUC^), was 
calculated by using the linear trapezoidal rule J7]. 

Immunogenicity analysis. Pre dose and 4-week serum samples 
were analyzed for the presence of antibodies to PRO 542. In the 
ELISA, microliter plates were coated with PRO 542, contacted 
with patient serum oi anti-PR O 542 antibody standards, and in- 
cubaied wiih bioiinylated PRO 542, which was detected by using 
sireptavidin-horseradish peroxidase. With Leu-3a as a standard 
anti-CD4 antibody, assay sensitivity was 15 ng/mL. 

Virologic analyses. Plasma HIV RNA levels were measured by 
reverse transcripiion-polymerase chain reaction (RT-PCR) by the 
Amplicoi Monitor assay (Roche Diagnostic Systems, Branchburg, 
NJ). The changes in log-transformed HIV RNA levels were evalu- 
ated foi statistical significance by the 2-tailed Wilcoaon signed- 
rank tests. Additional assays measured plasma levels of infectious 
HIV. In brief, CD4 lymphocytes were purified from activated pe- 
ripheral blood mononuclear cells and cultured as described else- 
where [8]. We combined 2x10* CD4 lymphocytes with serially 
diluted patient plasma for 16-20 h at 37*C. Cultures then were 
washed and combined with an additional 5 x 10 3 cells. At weekly 
intervals thereafter, culture supernatant was collected for analysis 
and replaced with an equal volume of fresh medium containing 
2.5 x 10* ■cells. The extent of HIV replication was determined by 
p24 ELISA as described elsewhere |2]. Samples were analyzed in 
2 or 3 separate assays and were scored as positive if replication- 
competent HIV was detected in any analysis. 



Results 

Demographics. The median virus loads for the 0.2-, 1 .0-, 
5.0-, and 10-mg/kg cohorts were 5310, 207,000, 11,800, and 
35,500 copies/mL, respectively, whereas the corresponding me- 
dian numbers ol CD4 lymphocytes were 310, 100, 390, and 



314/fiL, respectively. Seven patients were on stable combination 
antiretroviral therapy, and 8 were treatment naive. The latter 
group included subject 125, who received zidovudine and la- 
mi vudine therapy for -2 months — I year before enrollment but 
who was otherwise treatment naive. All patients received a full 
infusion of PRO 542 and were available for follow-up. 

Safety evaluation. PRO 542 was well tolerated, and no 
dose-limiting toxicities were identified. One patient in the lowest 
dose cohort presented 1 week after treatment with a grade 2 
neutropenia that worsened to grade 3 at week 4 and then re- 
solved without intervention by week 6. No other patient ex- 
perienced neutropenia. One patient in the 1-mg/kg dose cohort 
experienced mild and transient headache. While these events 
could not be attributed directly to the study drug, a possible 
relationship could not be excluded. All other adverse events 
were mild and/or unlikely to be related to the study drug. There 
was no significant change in the number of CD4 lymphocytes 
(data not shown). 

Pharmacokinetics and immunogenicity. Mean serum con- 
centrations of PRO 542 observed for the different dose cohorts 
are plotted in figure 1 . Serum concentrations of PRO 542 in- 
creased linearly with dose as did the mean AUCq— values 
(r ? = .99), which were 13,500 ± 3500 and 23,800 ± 7800 hr X 
ng/mL for the 2 highest dose cohorts. A mean peak serum 
concentration of 564 ± 110 Mg/™L was observed for the 10- 
mg/kg cohort. Mean terminal serum half-lives of 4.2 ± 0.9 and 
3.3 i 0.7 days were observed in the 5.0- and 10-mg/kg dose 
cohorts, respectively. About 2-fold shorter half-lives were ob- 
served for the lower dose cohorts, for which the 28-day time 
point was not evaluable. No patient developed measurable lev- 
els of antibodies to PRO 542. 

Plasma HIV RNA. As indicated in figure 2A, a significant 
decline in plasma HIV RNA was observed after a single 10- 
mg/kg dose of PRO 542. The most consistent decreases were 
observed 4 h after treatment, when the mean reduction was 
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Figure 1. PhBrmacokinetics of PRO 542. Mean serum concentra- 
tions ( ± SD) are plotted for each dose cohort. Dashed line, approximate 
in vitro IC*, value (20 pg/mL) or PRO 542 for primary human im- 
munodeficiency virus- 1 isolates (3J. 
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Figure 1. Virologic evaluations. A, Mean change in plasms human 
immunodeficiency virus RNA foi patient* in 3 highest dose cohorts. 
Virus load changes for lowest dose cohort were - 0.09 to •+ 0.07 log to 
and have been omitted for clarity. B. Individual antiviral responses of 
subjects in 10-mgAg cohort. Their predose virus loads were 8210, 
«9f ,000, 21,300. 3220, 23,000, and 413,000 coptes/mL. Treatment-naive 
and -experienced patients are indicated by open and filled symbols, 
respectively. 

0.36 log, 0 copies/mL {P- .03, 2-tailed Wilcoxon signed-rank 
lest). Smaller and statistically nonsignificant reductions were 
observed at 1 and 24 h after injection. A similar trend was 
observed in the 5-mg/kg cohort. Spiking studies showed that 
assay performance was not affected significantly by the PRO 
542 concentrations achieved in this study (data not shown). 

Antiviral responses of individual patients in the 10-mg/kg 
cohort art plotted in figure 2B. Virus load i eductions were 
observed in most patients at all posttieatmeni time points. Pa- 
tient 124 experienced a 2-log reduction in virus load-7- 14 days 
after treatment. The 10-mg/kg cohort comprised 3 treatment- 
naive individuals (subjects 123, 12S, and 130) and 3 subjects 
who were receiving stable antiretroviral therapy at entry (sub- 
jects 124, 125, and 127). The 3 subjects on therapy experienced 
greater reductions in mean virus load at all postinfusion time 
points, including a 0.50 log, 0 mean reduction at 4 h, but the 
differences between the 2 groups did not reach statistical 
significance. 



Plasma viremia. Plasma from patients 124 and 130 also 
was analyzed for levels of infectious HIV. These patients were 
in the 10-mg/kg cohort and had the highest baseline virus loads 
(498,000 and 413,000 copies/mL, respectively). Culturable virus 
was isolated from both patients at screening (1-2 weeks before 
treatment) and immediately before dosing. For subject 130, 
infectious virus could not be detected in plasma drawn at 1,4, 
24, 48, and 72 h and at 1 and 2 weeks after infusion but was 
detected at 4 weeks. Subject 124*s plasma was culture negative 
at 1,4, and 24 h and then was positive intermittently thereafter 
(i.e., positive at 72 h and 2 weeks but negative at 1 and 4 weeks). 
Of the subjects treated with 10-mg/kg PRO 342, subject 124 
experienced the greatest sustained reduction in virus load, 
whereas subject 130 experienced a fairly typical pattern of re- 
sponse (figure 2B). 



Discussion 

PRO 542 was extremely well tolerated at all doses tested, 
litis favorable safety profile is consistent with the compound's 
design to have minimal reactivities with molecules other than 
the H1V-1 surface glycoprotein. Serum concentrations of >500 
/ig/mL were attained after administration of a single 10-mg/kg 
dose, and serum concentrations remained above the in vitro 
IQo foi -1 week. The terminal serum half-life ol PRO 542 was 
3-4 days in the high-dose cohorts. No subject developed meas- 
urable amount* of antibodies to PRO 542. Thu 1 , any potential 
neoepitopes formed at the juncture of the CD^ and IpG do- 
mains were nonimmunogenic in this study. The pharmacologic 
and safety data support higher and/or repeat dosing of PRO 
542. 

Preliminary evidence of antiviral activity was observed as 
reductions in both plasma HIV RNA and plasma viremia. A 
statistically significant acute reduction in plasma virus load was 
observed aftei administration of a single 10-mg/kg dose of PRO 
542, and 1 subject experienced a >2 log reduction in HIV RNA 
at 1-2 weeks after injection. Smaller virus load reductions were 
observed at lower doses. Since the in vivo half-life of virus- 
producing cells is —7 days [9, 10], the rapid reduction in plasma 
HIV RNA is striking. One possible mechanism is active clear- 
ance of PRO 542-coated virus by the reticuloendothelial sys- 
tem. Although PRO 542 incorporates an lgG2 heavy chain 
constant region so as to minimize effector functions and does 
not measurably bind human Fc receptors in vitro (1], IgG2 
molecules retain residual effector functions that may mediate 
clearance [1 1]. In addition, PRO 542 has the potential to cross- 
link virions and thereby, form large complexes with heightened 
clearance rates. Conceivably, PRO 542 may also affect the bud- 
ding of new viruses. 

Numerous preclinical studies have established PRO 542*s 
ability to neutralize primary HI V-l isolates regardless of organ- 
based clearance mechanisms. Since RT-PCR measurements of 
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Tht use of recombinant d>4-]gG2 in pediatric human immunodeficiency virus type 1 {HJV- 
1) infection was evaluated by single and multidose intravenous infusions in 18 children in a 
phase 1/3 study. The study drug was well tolerated, and dose proportionality was observed 
in turns of area under time-concentration curve and peak serum concentration. Acute de- 
creases of >0.7 Jog,. copies/mL in scrum HJV-1 RNA concentration were seen in 4 of the 6 
children treated with 4 weekly 10 mg/kg doses. At 14 days after treatment, 3 children had 
sustained t eductions in serum HJV-1 RNA; the other children had rebounded to baseline 
levels oi above. By 28 days after therapy, the peak HTV-1 cellular infectious units was reduced 
in all 6 children, including the 2 who had experienced an earlier transient increase in values. 
Thus, lecombinant CD4-JgG2 treatment of HTV-1 -infected children appears to be well tol- 
erated and capable of reducing HJV-1 burden. 



Despite recent advances in the treatment of human immu- 
nodeficiency virus type 1 (HJV-1) with highly active antireiro- 
viial therapy (HAART) ( long-lived reservoirs of vims, the in- 
creasing prevalence of drug-resistant viruses, and significant 
toxicities mandate the search for new therapies. Virtually all 
persons wiih HIV- ] infection have disease progression and 
eventually die of complications of HIV- J disease. Since the early 



discovery that the CD4 molecule on cellular targets was actually 
a receptor for the H1V-1 surface glycoprotein 120 (gpl20)il] f 
the concept of using CD4 as a soluble competitor molecule to 
treat HJV-1 infection and prevent perinatal H1V-1 transmission 
has been raised [2-7]. The recent discoveries of a second cognate 
receptor, such as CCR5 and OCCR4 (reviewed in j8J)» have 
increased the enthusiasm for using receptor-based therapies. 
Jn this pediatric phase 1/2 clinical trial, we used the CD4- 



Received 20 June 2000; revised 29 Aupusi 2000; electronically published 
27 October 2000. 

Presented in part: 7ih Conference on Retroviruses and Opportunistic In- 
fections. San Francisco, 2 February 2000 (abstract 701). 

Reprints oi cones pond ence; Dr. WjUiam T. Shearer, Dept. of Pediat- 
rics- A Hrify/Jmmuriolofy, Baylor Collefc of Medicine, 6621 Fannin St. (MC 
1-3791), Houston, TX 7*5030 (wshearrr@bcm.tmr.edu). 

Tht Journal of Infectious Diseases 2000;182:1774-9 

C 2000 by tht Infectious Disease* Society of America. All rirhis reserved. 

0022- 1 000/1 £206-0027*02.00 



Informed consent was obtained from parents or caretakers, and assent 

was obtained from children > 7 years old. Human experimentation guidelines 
of the US Depart men i of Health and Human Services and of the authors' 
institutions were followed in the conduct of this research. 

R J.I., W.C.O., end PJ.M. are employees of Progenies Pharmaceuticals. 

Financial support: National Institutes of Health (grants A1-2755D. Al- 
27551, Al-32921, AI-4)0f9, Al-41110, AM 3084, RR-00043, RR -00071, 
RR-001SE, RR-00240, RR-00533, RR-O0645, RR -008*5, and RR-02172; 
contract HD-3-3162). 

• PACTG Protocol 351 Study Team Coordinators are listed after the tew. 



JID 200*182 (Dccrmber) rCD4-lgC2 in HIV-1-Poriuve Children 1775 



based molecule recombinant (i) CD4-lgG2 (PRO 542; Progen- 
ies Pharmaceuticals, Tarryt wn, NY) 19]. This piotein is an 
antibody-like molecule consisting of 4 copies of the D1D2 im- 
munoglobulin supet family domains of human CD4 that have 
been genetically fused to the highly conserved heavy and light 
chain constant regions of human lpG2. rCD4-]gG2 has several 
distinct advantages over earlier CD4-based molecules, includ- 
ing an extended peripheral blood half-life, multiple (tetrameric) 
binding to HIV-1 gpl20, and potent neutralization of primary 
isolates in a variety of preclinical models of HIV- 1 infection 
19-13]. Phase 1/2 studies of this fusion piotein in HIV- 1- infected 
adults have shown excellent safety, toler ability, and pharma- 
cokinetic pioperties, plus promising evidence foi an antiviral 
effect on HIV-1 |14]. 



Methods 

Study design and patient evaluation. Thirteen children were en- 
rolled in single-dose studies of 0.2 (n = 4), 1 .0 (n = 3), 5.0 (n = 3), 
end 10 (n = 3) mg/kg; 6 children were enrolled in multidose studies 
in which 10 mg/kg of rCD4-lgG2 was given as 4 weekly doses. 
Children in tht multidose studies were required to have a stable HIV- 
) RNA copy numbei 10,000/ml_. No children who were taking 
immunomodulating drugs, vaccines, ot IgG were included. 

The siudy drug, siored at -70*C in 5-, 20-, and JOO-mg vials in 
PBS, was thawed, filtered through 0.20-fim filters, and infused in- 
travenously foi 15-30 min. For 2 h after infusion, vhal signs were 
measured, and local and systemic reactions were monitored at 15- 
and 30-min intervals. The children were observed foi side cflecis 
in the clinic at least hourly for « 12 h. 

At intervals before and after infusion of rCD4-)gG2 into study 
subjects in the single -dose <*28 days latei) and multidose study 
<«19 weeks later), blood specimens were obtained for complete 
blood counts &nd loutine serum chemistry and lymphocyte subset 
dcieiminaiion. Standard Pediatric AIDS Clinical Trials Group 
(PACTG) toxicity tables were used to grade adverse events on a 
scale of 1-4 (grade 1, mild; grade 4. life-threatening adverse events). 
Adverse events were scored as not related, possibly related, and 
probably related to study drug. 

Phurmucokinetic studies. Cryopreserved serum specimens were 
obtained at fixed time points before and aftei rCD4-JgG2 infusion 
foi pharmacokinetic analysis, as described elsewhere 114]. Area 
undei tht concentration-time curve (AUC) fiom time 0 to the last 
measured concentration ( C^J was calculated accoiding to the lin- 
tai tiapeioidal rule |15]. AUC fiom lime 0 io infinity (AVC^J 
was calculated as AUC from lime 0 to C^, -+ C^Jke. where ke is 
the elimination tate constant determined by repression analysis of 
the teimina! portion of the concentration- time curve. The half-life 
was calculated as tht natural logarithm of like. The steady-state 
AUC was calculated fiom the concentration-time data of subjects 
who participated in the multiple dose study as that within the 7- 
day interval following infusion 4. 

Quantitative virology. Blood samples were obtained at fixed lime 
points before and aftei rCD4-lgG2 infusion foi HIV-1 RNA plasma 
levels, HIV-1 quantitative plasma cultures, and HIV-] quantitative 
peripheral blood mononuclear cell (FBMC) cultures. Plasma HIV- J 



RNA was measured by a quantitative polymerase chain reaction 
assay (Amplicoi HIV Monitor assay; Roche Diagnostic Systems, 
Basel, Switzerland), as recommended in 116] and by the manufacturer. 
This assay has a lower limit of detection f 400 copies/mL. Because 
of the availability of frequently collected serum specimens from the 
pharmacokinetic studies, retnarning serum specimens were also used 
to quantify HIV- 1 RNA by the Amplicor assay. fCD4-lgG2 does 
not significantly a fleet this assay at the concentrations reached in 
this study J 14). 

Quantitative miciocuhures of PBMC and plasma were done by 
standard methods [16]. The titer of HIV-1 was expressed as the 
numbei of infectious units per million cells (1UPM) or per milliliter 
of plasma. The P value for the goodness-of-fit (PGOF) or the 
observed distribution of positive wells, given the estimated titer, 
was calculated foi each assay. Assay results with PGOF < .05 were 
considered unreliable and were excluded. 

Statistical analysis. Because, of the small sample sixes for each 
treatment group, the study lacks the statistical power for tests f 
significance. Thus, the findings are presented as descriptive statistics 
and •graphical displays. 

Results 

Patient cohort. Thirteen and 6 children were enrolled in the 
single- and multidose studies, respectively (1 child was in both). 
Of the 1 8 children, 56% were girls. The race/ethnicity breakdown 
was 1 7% white, 44% black, 33% Hispanic, and 6% other ethnic 
groups; the median age was 7 years {range, 2-13 years); the 
median CD4 cell count was 433//iL (range, 36-1849 cells/*iL); 
the median CD4 cell percentage was 20 (range, 4-58); and the 
median log 10 HIV-1 RNA level was 4.03 copies/mL (range, 
2.6-5.04 copies/mL). 

Safety, toxicity and iolerability. In the single-dose study, 
there were no adverse experiences above grade 2 and no study 
drug-related events of any severity, as assessed by standard 
PACTG toxicity tables. In the multidose study, 1 child with a 
history of flu-like reactions to intravenous immunoglobulin ex* 
perienced similar flu-like symptoms after the second of 4 doses. 
The grade 3 symptoms were easily controlled with an ami- 
pyTetic/analgesic compound and were considered to be possibly 
related to the study product. 

Pharmacokinetic measurements. Figure 1 illustrates the con- 
centration-time profiles for single and multidose rCD4-IgG2, re- 
spectively, the AUC increased linearly (r 3 = 0.997; P .0016) 
with dose. The median AUC after the fourth 10 mg/kg infusion 
in the multidose studies was 11,361 ug x h/mL, which was in 
excellent agreement with that (12,335 fig X h/mL) observed for 
a single 10- mg/kg dose. The elimination half-life of rCD4-lgG2 
was >2 days (median, 2.27 days; range, 2.06-2.4] days) for the 
single-dose cohorts and 2.13 days for the multidose cohort. Peak 
semm concentrations were achieved shortly after infusion, and 
median values of 6.67, 57.4, 215, and 360 >ig/mL were observed 
foi the 0.2, 1.0, 5.0, and 10 mg/kg single-dose cohorts, whereas 
the corresponding median serum concentrations 7 days after in- 
fusion were 0.23, 1.01, 5.06, and 4.74 ug/mL. Median peak and 
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Figure 1. Pharmsicokineiic dsu> of lecombinam CD4-lgG2 <rCD4-lgG2). >4. Sing le-dose concentrations. J. Multiple-dose concentrations. 
Concern ration-linn piofiles for 6 children who received 10 mg/kg of rCD4-)gG2 weekly for 4 do5e&. 95V* Confidence intervals are shown where 
possible (btuchets). 



7 -day serum concentrations of 274 and 6.95 /ig/mL were observed 
for the multidose cohort. 

HIV- 1 KNA levels. In the single -dose studies, there were 
modest acute reductions (-0.50 Iog l0 ) in plasma H1V-1 RNA 
levels in some paiients and acute increases («U.50 log ie ) in 
others. In the multidose studies, 4 subjects (nos. 1-4) experi- 
enced decreases in serum H1V-1 RNA concentration >0.701og, 0 
(figure 2). One subject (no. 2) was noncompliant with her 
HA ART piogram at the time of the second rCD4-JgG2 infu- 
sion, and a full adheience program was initiated by medical 
peisonnel at a camp (days 7-18); the patient's H1V-1 RNA 
level tose aftei she returned home (day* IS- 39), underscoring 



the importance of strict adherence lo antiretroviral therapy in 
clinical trials with agents such as rCD4-]gG2. Rebound of HIV- 
1 RNA serum concentrations occurred in some subjects (e.g., 
patient 3 had a 2.61 1og l0 increase between the first and second 
rCD4-]gG2 infusions; figure 2). Overall, the median log l0 RNA 
value for the 6 children given muhidoses was 4.26 on day 0, 
with a nadir of 3.96 log,* 1 h after treatment at day 14 and an 
increase to near baseline levels (4.22 log l0 ) at day 33, 14 days 
afieT the last infusion (data not shown). 

Quantiwtive HJV-J PBMC and plasma cultures. In the sin- 
gle-dose study arm in the 3 subjecis with undetectable H1V-1 
RNA at baseline, quantitative IUPM results remained below 
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Figure 2 Comparison oi serum human immunodeficiency virus (HIV)-] RNA levels (copies/mL) end quantitative (peripheral blood mono- 
nuclear cell IPBMC]) microruhures (inleciious units/million cells [1UPM]) in 6 children receiving 10 mg/kg of recombinant CD4lgG2 (rCD4- 
lgG2) in multidose Mudiei. Day 0 is btginning of study. Arrows indicate lime* of rCD4-lgG2 infusion. O, HJV-1 RNA values (copies/mL). 
A, PBMC JUPM no. Screening ieM data (before day 0) are shown foi most subjects. 



the hmii of detection. In subjects with detectable HJV-) RNA 
levels at baseline, the JUPM generally leflected changes in 
plasma HJV-1 RNA levels (data not shown). 

In the multidose study arm, there was a general lowering 
trend in JUPM values aftei treatment with rCD4-]gG2 (figure 
2). The JUPM values decreased to near oj below baseline in 
patients 4 and 6 aftei a transient increase fiom days 0 to 7. 
Patients J, 5, and 6 experienced an increase in 1UPM in the 



week(s) before drug infusion. Patients 1 and 5 experienced an 
-JO- fold decline in JUPM relative to that measured just before 
infusion (day 0), whereas patient 6 had an ~4-fold fall in JUPM 
fiom days 0 to 21. Patient 3 (baseline assessment not available) 
had a change from 2503 JUPM (day 7) to 5607 1UPM at day 
21 (day 15 culture results were invalid) to 2 JUPM at day 49. 
Patient 4 went from 16 1UPM at day 0 to 5608 1UPM at days 
7 and 14, a 350-fold increase, followed by a decline to —45 
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1UPM thereafter. Paiieni 2 had an insignificant change from 
5.4 1UPM ai day 0 to 8.1 JUPM ai day 7, followed by a decrease 
to 0.32 1UPM ai day 18. Subsequently, ihe 1UPM returned to 
8.1 at day 25, which was concordant with an increase in HIV- 
1 RNA level after the child's removal from supervised antire- 
uoviral drug therapy. Similarly, the 1UPM values in patients 
l f 3, and 5 fell to low levels after therapy. With the exception 
of patient 2 (likely to have been noncompliant with antirrtro- 
viral theiapy), the 1UPM levels after completion of the 4 doses 
of rCD4-lgG2 stayed depressed for at least ?P days. The 1UPM 
decreases in all the children after infusion of rCD4-lfG2 ap- 
peared to be unrelated to CD4 cell count (data not shown). 
Most assessments of infectious titers in the plasma were at or 
below the level of assay detection at baseline and did not appear 
to change significantly with treatment. 



Discussion 

This new agent appeared to be well tolerated in HlV-l-in- 
fected children. Its pharmacokinetic properties also appeared 
t be excellent, and high concentrations of product were 
achieved shortly after infusion. At a dose of 10 mg/kg, rCD4- 
lgG2 pioduced a median peak level of 274 ^g/mL and a trough 
level of 6.95^gSnL"7 days laierrinV firsf of tHese values" wa<r 
well above thai of 15-20 /jg/mL, which was shown in laboratory 
and animal model systems to inhibit many wild-type H1V-1 
strains [10, 11]. The AUC analysis suggests that this fusion 
protein at 10 mg/kg might be highly effective in binding HIV- 
1 virions for &5 days. 

rCD4-lgG2 appeared to produce acute, sometimes sustained, 
decreases in serum HIV- J RNA concentrations and cellular 
1UPM in individual pediatric patients. This is consistent with the 
findings of a phase 1 study of the molecule in HIV-infected adults, 
in which a statistically significant acute reduction in plasma HIV 
RNA was observed after administration of a single 10 mg/kg 
dose of rCD4- JgG2; reductions to 2 logs were observed 1-2 weeks 
after injection |14]. In 2 of 6 patients, an apparent early and 
substantial transient increase in circulating infected PBMC, but 
not in serum HIV-] RNA level, was observed. Numerous possible 
explanations could account for the increases in circulating in- 
fened cells, including altered trafficking of HIV- ] in lymphoid 
tissue and formation of H1V-1 virion rCD4-lgG2 complexes by 
virtue of muhimeric binding, but additional clinical trials will be 
necessary to better characterize their existence. 

In summary, this firsi clinical trial of rCD4-Jp G2 in children 
has established, in singlt and multidose studies, that the product 
is safe and well toltiated. This new pioduct has excellent phar- 
macokinetic pioperties, and serum concentrations in excess of 
ihe in vino inhibitory concentration were maintained for about 
5 days aftei infusion. The trial results also suggest that rCD4- 
lgG2 may be effective in lowering the HIV- 1 buiden in children 
and clearly point the way toward additional pediatric clinical 



trials in which drug dosage and frequency of administrate n 
can be ptimized. 

Pediatric AIDS Clinical Trials Group Protocol 351 Study 
Team Study Coordinators 

Pediatric AIDS Clinical Trials Group Protocol 351 Study 
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A HUMAN-MOUSE CHIMERIC IMMUNOGLOBULIN GENE WITH A HUMAN 
VARIABLE REGION IS EXPRESSED IN MOUSE MYELOMA CELLS 1 
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We have constructed and obtained expression of 
a chimeric human-mouse immunoglobulin gene 
after transfection into mouse myeloma cells. A hu- 
man VDJh gene segment was joined to a mouse C. 
gene in the plasmid vector pSV2-gpt, and the con- 
struct was transfected into J558L cells by proto- 
plast fusion. Analyses of six transformants by RIA 
and SDS-PAGE indicated that the chimeric protein 
was synthesized in large amounts in five. A ^spe- 
cific transcript was observed by Northern blot anal- 
ysis. Four out of five clones were stable producers 
of this chimeric chain over a period of 10 mo. 

The technique of introducing cloned genes into eukar- 
yotic cells has been widely used as a tool to study gene 
regulation and expression. Such studies on eukaryotic 
gene expression were initially conducted in heterologous 
host cells, particularly in human HeLa cells and mouse L 
cells that normally do not express the gene of interest (1 - 
4). More recently" with the understanding that normal 
expression of specialized genes probably requires tissue- 
specific factors and regulatory elements, and with the 
availability of appropriate cell lines, immunoglobulin (Ig) 
genes have been transfected into the cell types that nor- 
mally express them (5-9). Homologous cell types should, 
in addition, provide the appropriate protein modification 
systems necessary to make biologically functional prod- 
ucts. 

With the availability of appropriate expression sys- 
tems, it is now feasible to produce novel Ig molecules. 
These molecules may consist either of a heavy and light 
chain combination not normally synthesized within the 
same cell or of Ig chains with a novel structure produced 
in vitro. In initial studies by Oi et al (10), a novel chain 
combination resulted when a transfected light chain as- 
sembled with the endogenous heavy chain. Transfection 
of both heavy and light chain genes into the same cell 
was shown to result in the production of an anti-TNP Ig 
molecule (11). In previous studies, we constructed a chi- 
meric gene with V H from an anti-azophenylarsonate mye- 
loma joined to C«. When introduced into a light chain- 
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producing variant of the same myeloma, this hybrid 
chain was synthesized and assembled with the endoge- 
nous light chain to produce a heterodimer that bound 
antigen (12). In additional studies, we constructed chi- 
meric genes where V L from mouse was joined to C, of 
human and V„ from mouse was joined to C,i or G,* of 
human (13). When the heavy and light chain were ex- 
pressed together in the same cell, a chimeric Ig was 
produced with the specificity of mouse origin and the 
constant regions, and hence effector function, of human 
origin. 

In all of these constructions described above, the Ig 
genes were introduced into mouse cells, and the promoter 
region that directed the synthesis of the Ig was of mouse 
origin. Potter et al. (9) recently reported the expression of 
a cloned human k Ig gene transfected into mouse pre-B 
lymphocytes. Their studies demonstrate that a human Ig 
L chain promoter can function in a mouse lymphocyte. 
In this paper, we describe the expression in mouse cells 
of a hybrid gene that utilizes the human heavy chain 
promoter. A V H of human origin was joined to C, from 
mouse. When the chimeric gene was introduced into a 
mouse myeloma, it resulted in the high level production 
of a chimeric protein of about 25,000 daltons. These 
experiments show that during mRNA processing V H of 
human is spliced to C. of mouse so that the correct 
reading frame is preserved. Even more importantly, they 
demonstrate that the human Ig heavy chain promoter 
functions in the mouse myeloma cells and show the 
feasibility of expressing human Ig genes in mouse cells. 
Thus, it should be possible to use mouse myeloma cells 
to produce Ig molecules with the V region of human 
origin: potentially it should also be possible to use the 
mouse myeloma cells to rescue Ig genes from human 
lymphoblastoid cells where they are expressed at low 
levels, and achieve a high level of expression of the genes 
by introducing them into mouse myeloma cells. 

MATERIALS AND METHODS 

Construction of the chimeric gene with V»jrom human and C. 
/rom mouse. The piasmid vector pSV2-gpt has been described (14). 
The vector contains the simian virus 40 origin of DNA replication 
(SV40 ort) and the early promoter located 5' of the E. cotl xanthine- 
guanine phosphoribosyl transferase (Eco-gpt) 3 gene. This gene con- 
fers resistance to mycophenolic acid on mammalian cells when 
xanthine is present In the medium. The plasmid pSV2-S 107-21 has 
the rearranged phosphorvlcholine-spectfic «-chain gene from the 
S107 cell line cloned into the Bam HI site in pSV2-gpt (10). To 
construct the chimeric light chain, the EcoRl -Hind III fragment from 
pSV2-Sl 07-21 containing the Si 07 V, gene was replaced by a 

3 Abbreviations used in this paper: DME. Dulbecco's modified Eagle's 
medium: Eco-gpt. xanthine-guanine phosphoribosyl transferase: 1MD. 
Iscove's modified Dulbecco's medium; VTL. valine, threonine, leucine. 
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man VDJ„ gene (15) P"^""*.^ 3. of ^ H tnd in site are intact 
!?TfV;3£ LESSEE ^orTemed so that the d.recUon of 
'r^scnptlon i S ophite to that from the SV40 promoter. The V„ 

M^cJ^m^^ok line synthesizing IgA. A with specif icity 
te^l ™£e£ran was adapted to continuous growth in tissue 
Stare in our laboratory (18). J558L is a ^^^1 
loss-variant of J558. which synthesizes and secretes only the X light 
ch^ln UoT Cel Times were maintained in Iscoves modified Dulbec- 
co's (IMD 1 rned urn (GIBCO Laboratories. Grand Island. NY) supple- 
men ted wUhTo to 20% horse serum. Before fusion cells were grown 
^ ^Tco s modified Eagle s (DME) medium (GIBCO) supplemented 
with W horse serum. Cells were grown in suspension cultures in 
petri dishes at 37"C in a water- saturated atmospnere of 5% CO, and 

95 pr£optast Jusion. The ptasmid P™-^^^*" 1 ^™ 
Escherichia coli K 1 2 strain HB.l 0 1 . Bacteria harboring this plasm d 
were converted to protoplasts and fused to J558L eel s according to 
The pro^edlre described by Oi et al. (10) with the flowing modtf.- 
cations We used 3 x 10» cells and supplemented DME growth 
memCm with 10% horse serum. After protoplast fusion, celb .were 
resuspended in IMD medium containing 20<* horse serum and gar- 
am y cm (100 Mg/mi) and plated in 96-well microliter plates at a 
density of 2 x 10* cells/well. After 48 hr. transformants were se- 
lected ^n IMD medium containing xanthine at 250 ^ml. hypoxan- 
tWnVat 15 ug/ml. and mycophenolic acid at 3 Mg/ml. Eleven trans- 
formants were recovered and were designated TA£1 through 1 1 

Btosynthettc radtolabeling. Transfected L cells (3 x KP) 
were labeled for 3 hr in the presence of 5 to 1 0 M Cl/ml of ( C -vatoe. 
threonine, leucine (VTL) as described (19). Ig were 
specific rabbit antiserum directed against mouse * or A light chains. 
H^ertrnmune rabbit anti-mouse < antiserum was the gift of M a 
Scharff. Albert Einstein College of Medicine. Bronx. NY. and the 
rabbit antiserum to mouse X myeloma protein was prepared in our 
aooratorv by Letitia A. Wims. The soluble rabbit anU-mouse , Ig 
complexes were absorbed to Inactivated and f ^^ n " f ^ 
ylococcus aureus (75 m1/2.5 »1 of antiserum) IgG sorb: Enzyme 
Center. Maiden. MA). The precipitated material was prepared for 
analysis by electrophoresis in 5% SDS-polyacrylamide ge containing 
phosphate, under nonreduclng conditions. ^ de sc ribed ( 18) 

Competitive radioimmunoassay (RIA). Cells (1 x 10 ) were 
washed once with Ice-cold phosphate-buffered saline (PBS; 0.15 ; M 
NaCI. 0.01 M sodium phosphate. pH 7.6) and centrtfuged: the pellet 
was resuspended in 100 M l of PBS in an Eppendorf tube. The cells 
were lysed by twice freezing in liquid nitrogen and I subsequent 
thawing at 37°C. The suspension was spun at 13.000 x G for 15 
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Figure 1. Structure of the chimeric « chain gene. An EcorU-Hind in 
fragment containing a rearranged human heavy chain variable region 
cene |VDJ H ) was joined to a mouse r constant region gene from trie 510/ 
myeloma cell line. The hybrid chain Is cloned in the plasmid vector pS\ 2- 
srat The human gene segmeni is represented by stippled boxes and thin 
lines: the mouse < exon. intron. and flanking 3' sequences are represented 
bv the solid box and thick tines. The entire insert from EcoB 1 to Bam HI 
is 7.4 kilobases tkb). The vector sequences total 4.3 kb. 



min at 4"C. and the supernatant was obtained. 

Two rat hvbrldomasn 87.1 (20} and 226.3.5 120). producing mon- 
oclonal antibodies to mouse « protein were biosynthetlcaHy labeled 
with U C-VTL as described above. Freeze-thaw lysates from the 
transf ectants as well as J558L and S 1 07 were analyzed to determine 
if they could compete out the binding of a mixture of the two labeled 
rat anti-mouse < monoclonal antibodies (1:1) to mouse myeloma 
protein adsorbed onto the wells of polystyrene hemagglutination 
plates The > 3 « protein was from a mouse hybrtdoma P51 .2 made by 
C Desaymard. The two rat hybrtdomas 187.1 and 226.3.5 and the 
Ty r protein were the gifts of M. D. Scharff. Albert Einstein College 
of Medicine. Bronx. NY. 

RNA isolation and gel analysts. Total cytoplasmic RNA was 
isolated from 5 x 10 7 cells and fractionated by electrophoresis on 
formaidehyde-agarose gels as described (21). RNA was blotted to 
nitrocellulose filters and hybridized at 42°C to a nick -translated 
mouse k cDNA probe bv following the procedure of Thomas (22). 

DNA isolatton and analysts. High m:w. DNA was isolated from 
the myeloma cells essentlallv as described by Wigler et al. [23) except 
that lysates were treated with RNase (50 Mg/ml. 30 min at 37°C) 
before the pronase treatment. Ten micrograms of each DNA were 
digested with various restriction endonucleases under the conditions 
specified by the supplier (New England Blolabs. Beverly. MA). Diges- 
tions were performed at an enzyme to DNA ratio of 4 U/*g at 37 C 
for 5 hr. The DNA was then electrophoresed on horizontal 0.5^> 
aflarose slab gels In 40 mM Tris-acetate and 2 mM EDTA (pH 8.0). 
with either Hind m-digested XCI857 or pTKB» DNA as size markers^ 
The plasmid pTKB^ was the generous gift of Saul Silverstein. DNA 
fragments were transferred to nitrocellulose filters, hybridized, and 
washed according to the protocol described by Maniatls et al. (24) 
but with the following modifications. SDS and Denhardt s were 
omitted from the hybridization solution. We used 2x10 cpm of 
denatured probe per 10 of DNA. and hybridization was l^nned 
at 65*C for 16 hr. The filters were washed twice In 2x sSC/ai% 
SDS followed by another two times In lx SSC/0.1% SDS .at 65 C. 
allowing 20 to 30 min per wash. The EcoRl-Hlnd m tra^enc 
isolated from phV-mC. (Fig- 1) was nick translated as described^ 
except that 2 *M each of cold dGTP. dATP. dTTP. and "P-labeled 
dCTP were used. This labeled fragment served as a V region -specll ic 
probe. 

RESULTS 

Protoplast fusion yielded 11 independent gpt trans- 
formants that survived mycophenolic acid selection. Six 
of these clones were analyzed for the expression of the 
chimeric < gene by competitive R1A. Cytoplasmic lysates 
from five out of six clones were able to inhibit the binding 
of [ l4 C]-VTL labeled rat anti-mouse * monoclonal anti- 
bodies lo 73* bound to polystyrene p\aies (tesu'its not 
shown). Lysates from transf ectant TAF 6 and from 
J558L were not inhibitory. The level of inhibition was 
between 33 and 66% of that obtained with the lysate 
from the SI 07 cell line from which the k gene was derived. 
Thus, the transfected cell lines contain approximately 
half as much cytoplasmic * chain as does the myeloma, 
as determined by this assay. 

Figure 2 shows the results of a 3-hr labeling of cyto- 
plasmic proteins from the six transformants. The anti- 
mouse k antiserum precipitated a protein that co-mi- 
grated with the SI 07 * chain. A similar band was absent 
from TAF 6 (lane 5) which showed no competition for 
binding to anti-* antibodies by R1A. The level of * expres- 
sion from the five positive transformants. as estimated 
by band intensity, ranged from 8 to 20% of that seen in 
the SI 07 cell line. The chimeric * protein was not im- 
munoprecipitated from the culture medium in which the 
cells were grown, indicating that the protein accumulates 
in the cytoplasm but is not secreted. The #c chain does not 
associate with the endogenous X light chain either cova- 
lently or noncovalently. because anti-mouse X antiserum 
failed to precipitate the chimeric protein. 

To determine the stability of expression of the trans- 
fected Ig genes, clones frozen in liquid nitrogen were 
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Figure 2 SDS-PAGE analysis of imraunoprecipitates obtained from 
the cytoplasm of 3 x 10* cells labeled for 3 hr with | ,4 C|-VTL. The 
immunoprecipitated material was suspended in 50 ul of sample buffer, 
and the volumes Indicated were applied to a 5^ SDS-polyacrylamide gel- 
Cells transfected with phV-mC are designated TAF. Lane 1: 10 mI from 
J558L (A) cells immunopreclpltated with rabbit anti-mouse X antiserum: 
lanes 2-7: 25 *1 each from TAF 2. 3. 4. 6. 9. 10: lane B: 10 til from SI 07 
[a. m). The transfectants and the SI 07 cells were Immunopreclpltated 
with rabbit anti-mouse * antiserum. The positions of the J558L X and 
SI 07 < light chains are indicated. 
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Figure 3. Northern gel analysis of transfected cell RNA. Total cell 
cytoplasmic RNA was electrophoresed on a formaldehyde -agarose gel. 
transferred onto nitrocellulose filter, and hybridized to nick- translated C. 
probe. Lane 1 : J558L (4 of RNA): lane 2: SI 07 (4 of RNA1: lanes 3- 
8: TAF 2. 3. 4*. 4". 6, 1 0 ( 1 0 ng of RNA each). The position of the k mRNA 
is indicated. 

thawed and the labeling experiment was repeated 4 mo 
later. Only one clone. TAF 4, ceased to synthesize the 
chimeric « chain (results not shown). TAF 4* designates 
the clone that initially synthesized the chimeric protein; 
TAF 4" designates the nonproducer derivative. 

To determine the size of the ^-specific mRNA in the 
transfectants. Northern blot analysis of total cytoplasmic 
RNA was performed as described in Materials and Meth- 
ods, and the results are shown in Figure 3. TAF 2. 3. 4*. 
and 10 (lanes 3-5. 8) show a band that hybridized with 
32 P-labeled C« probe. This * transcript is of the same size 
as the k mRNA in the SI 07 myeloma. The « transcript is 
missing from the control untransformed J558L RNA 
(lane 1). TAF 4*. and TAF 6 (lanes 6, 7). TAF 4~ RNA was 
prepared 4 mo after the TAF 4* batch (from the same 
clone), when it was noted that the clone had lost synthe- 
sis of the chimeric protein. To confirm that the RNA in 
lanes 6 and 7 were not degraded, the * probe was eluted 
from the blot, which was then rehybridized with a 32 P-X 
cDNA fragment. J558L and all six transform ants were 
positive for a X-specific transcript (results not shown). 

Southern blot analyses of genomic DN A from the trans- 
formants show that each transfectant has a different 
pattern of integration (Fig. 4). In TAF 10 (lane 6) the 




Figure 4. High m.w. DNA [10 Mg per lane) was digested to completion 
with Bam HI. fractionated on a 0.5% agarose gel. transferred onto nitro- 
cellulose membrane filter, and hybridized to the nick- translated EcoRl- 
Hind in fragment containing the human V region gene (Fig. 1). Lanes 1- 
6: TAF 2. 3. 4*. 4". 6, 10: lane 7: 22 pg phV-mC. The positions of the 
Hind ni-dlgested XC1857 DNA size markers are shown on the left. The two 
fragments obtained by Bam HI digestion of pHV-mC. are indicated on the 
right. The 5.4-kb fragment contains the pSV2-gpt sequences. 

transfected gene appears present as multiple concata- 
meric copies. Integrated gene copies were lost when TAF 
4 ceased production of the chimeric Ig (compare lanes 3 
and 4). Under the hybridization conditions used, no hy- 
bridization was seen with J558L genomic DNA. 

DISCUSSION 

In this paper we show that it is possible to obtain high 
level expression from a human heavy chain promoter of 
a human-mouse chimeric * chain gene after transfection 
of mouse myeloma cells. Expression was stable up to at 
least 10 mo. Unlike the previously described V H C, chi- 
meric protein where V H was of mouse origin, the hybrid 
protein was not secreted. This difference is not unex- 
pected: many mouse k chains are not secreted in the 
absence of heavy chains (10, 26. 27). The hybrid protein 
also failed to assemble either covalently or noncovalently 
with the endogenous X chain produced by the recipient 
myeloma. 

Several groups of investigators have reported success- 
ful expression of k genes transfected into myelomas or 
hybridomas (10, 28-30). but the level of expression is 
generally low. about 1/15 of that observed in the parent 
cell line from which the gene was derived. This is in 
contrast to transfection experiments with heavy chain 
(H) genes like 72b (31). a (32). and u (11). where large 
quantities of heavy chain protein can be produced. Sev- 
eral explanations for this difference are possible, among 
which is that the L and H chain promoters have different 
strengths, or that the H and L chain enhancer regions 
are more or less effective. Studies have suggested that 
the L chain enhancer is less effective than the H chain 
enhancer (16, 33). It is not yet possible to define which 
elements of the chimeric gene described here are neces- 
sary for its efficient expression. The promoter is from a 
heavy chain. The genes are fused so that an enhancer 
from the mouse * chain is included. However, because 
th human heaw chain enhancer has not been identi- 
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fied. it is possible that It is also present In the construc- 

"ta" their studies. Potter et al. (9) recently demonstrated 
that human Ig L chain promoter can function In mouse 
lymphocytes Our current studies demonstrate that the 
human Ig heavy chain promoter is also functional In a 
mouse myeloma cell, and so is not species spectfic. to 
addition, our studies demonstrate that it is possible to 
construct a chimeric gene where V„ from human is joined 
to C. of mouse. Furthermore, the chimeric intron is 
spliced out to yield an appropriate < size mature mRN A 
molecule. The splicing is carried out by using the human 
splice donor sequences at J„ and the mouse splice accep- 
tor site and recognition sequences in C. to yield a mature 
mRNA with an in-phase reading frame. 

The ability to express Ig molecules after gene transfec- 
tion has many potential applications. Because human 
promoters will effectively function in mouse cells. It is 
potentially possible to transfer human genes from cell 
lines, where they are poorly expressed, to mouse myeloma 
cells, where they are efficiently expressed. Gene trans- 
fection may be a feasible alternative to hybridoma meth- 
odology for the production of human monoclonal anti- 
bodies. In addition, the ability to create novel Ig molecules 
by reassortment of V and C regions and in vitro exon 
shuffling should facilitate studies on the requirements 
for antibody function. 
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ABSTRACT Myeloma, hybridoma, and thymoma cell lines 
aSen succeSjly transected for the EidmiMa cob xan- 
5E ^ineThWhoribo^transferase gene gpt) by usmg Ae 
i vi „«^«r nSV2-BDt. The transformed cells synthesize the 
plasmid .™**JWJP£J^ .^ribose.Ld ipb OS ph a te:xan»hine 
toctenal enzyme 5-ph« JJSmJ £ C 2.4.2 22) and have been 
^tSitSSi 7Z*£5'*~* months. Lymphoid cell 

«H h^« Seed bj Ttomunopredpitadon and two.dnnens.onal 
T_Unnei to introduce novel genes into eokaryotic cells pro- 

ferases. necessary to be used to studv tis- 

ln addition, the appropriate cell type may be usea to 

ff cell, o, 

have explored technique iu express the Eco 

(XCPRl.a-pnosjM 10 - 2 „ 2) Ce ii SS yntbesizingXGPBT 

phoribosyltransferase, EC 2.4.Z.24- uei J f - ne 

L be grown ^-^^i ESS* cSls can 
nucleot.de , formation j4 5) buccss ^t^g »n- 

be isolated by their a ^^.f fi g ~l^ ro f guanine nucleotide 



selected in hypoxanthine/aminopterin/ thymidine ..HAT) i.ne- 
dium (6). In the present experiments both calcmm pnosphate 
precipitation (7, 8) and protoplast fusion 0) techn.ques hive 
been used to transfect cells. 

pSV2-gpt containing a rearranged k li*ht chain gene (10) «s 
used to transform several cultured lympho.d cell Imes. An*** 
the gpt tnmsformants were clones that produce _a new ,m.iu- 
noglobulin light chain. The light chain produced by these tnm- 
Sed ceU lines appears to be identica] to the light cnam iV n- 
SSd by L myeloma cell from whi,h ^^arranged g.ne 
waited. Furthermore, in transformed hybndoma c. 1^ 
S Ught chain is assembled with an immunoglobubn hewy 
chain and secreted as a complete antibody molecule. 

MATERIALS AND METHODS 
CeU Lines. 1558L is a spontaneous heavy chain-loss-vanant 
mydomS Stained from the J55S cell bne [«, A; ant.-al- 
3 deSran (11)] that synthesizes and secretes a A lrght chatn Y3- 
Ael 2 3 is a HPRT~iat myeloma cell line originally descrbed 
W Galfre ol (12) that synthesizes and secretes a rat k ight 
cham is a HPRT" mouse IgGl anti-dansylhybndom, ceU 
p tnd BW5147 is a HPRT". ouabain' AKR thymoma 

S^SiftSby Hyi and Stalling* (141. Cell mes 
wefeSnSned in &tJm -whom 

„p£fe to the t* »» <"* »• S re *™ ? 

m chw coil K-12 ^Ifo™ 1 "^ broth containing 1% glucose 
-I* 1^6-0.3. CWor^pben^ - 

16 hr to amplify die P^rn.d ^^^of cultur.. 1-25 

harvested by centnfugabon. For wry^ m 

ml of chilled 20% sucrose/0. 05 M Tns HCI ( P n v wa 

essential medium. 

825 
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Ftg. 1. Structure of the vectors 
used for lymphoid cell transsarma- 
tions. The diagram of the parental 
pSV2-gpt piasmid vector was taken 
from Mulligan and Berg (4, 5): pBR322 
DNA is represented by the solid black 
lines and the plasmid*a DNA replica- 
tion origin and ^lactamase gene are 
indicated; the gpt gene sequence is 
represented by the hatched segooents; 
simian virus 40 (SV40) sequences are 
the stippled segments. The SV40 orU 
gin of DNA. replication (ori) and early 
promoter are located 5' of the gpt se- 
quences. })SV2-gpfcTKpr ha3 ar. inser- 
tion of 260 base pairs, containing the 
herpes simplex thymidine kinase pro- 
moter, becween the gpt gene and the 
SV40 early promoter (unpublished 
data). pSV2-Sl07 has a 7-kilobase 
RamHl fragment, containing the en- 
tire genomic S107 light chain gene, 
inserted into the unique BomHI site 
of pSV2-gpt. This rearranged light 
chain gene is oriented in the opposite 
direction lo gpt and contains the leader, 
V, and k constant region exons as well 
as flanking 5' and 3' sequence. 



the bacteria were suspended and 0.25 ml of lysozyme [a freshly 
prepared solution of 5 mg/ml in 0.25 M Tris-HCl (pH 8)] was 
added. After 5 min of incubation on ice, 0.5 ml of 0.25 M EDTA 
(pH 8) was added and incubation on ice was continued for an 
additional 5 min. After addition of 0.5 ml of 0.05 M Tris HCJ 
(pH 8) t the bacteria were transferred to a 37°C water bath and 
were incubated for 10 min- At this time examination of the bac- 
teria with a phase-contrast microscope showed that the vast 
majority had been converted to protoplasts. The bacteria were 
diluted with 10 ml of DME medium containing 10% sucrose 
and 10 mM MgCl 2 that was warmed to 37°C. After further in- 
cubation for 10 min at room temperature the protoplasts were 
ready for fusion. , , 

Fusion of protoplasts with suspension ceils was effected with 
a procedure normally used in the production of hvbndomas 
(15). Cell lines were grown to a density of 0.3-1 x 10 cells per 
mi in DME medium supplemented with 10% newborn catf 
serum. Five milliliters of the protoplast suspension was added 
t0 2 X 10 6 cells in growth medium. The mixture was centrirugeo 
for 5 min at room temperature at approximately 500 x g. The 
supernate was aspirated and the pellet was ^suspended gently 
in 2 ml of a polyethylene glycol solution [50 g of polyethylene 
elvcol 1 500 (BDH) in 50 ml of DME medium] adjusted to pH 
8 widi CO,. After 3 min of centrifugation at 500 x | the poly- 
ethylene glycol was diluted with 7 ml of DME medium whde 
resuspenlng the pellet. After 5 min of ^nrruugation at oOO 
7g% sujemate was removed carefully and the cells were 
resuspendedin DME medium containing 10% newborn calf 
serum and garamycin at 100 /ig/ml and were plated erfher m 
SEUll or 24-well7i*es. After 48 hr, cells were dilutee I with 
an equal volume of DME medium containing xanthine at 250 
Mg/ml, hypoxanthine at 15 Mg/ml mycophenohc acid at 6 Mg/ 
ml and 10% newborn calf serum Every several days . as re- 
quired, spent medium was aspirated carefully and was replaced 
with fresh medium containing the same supplements. Colonies 
of transforrnants were visible by 10 days. Transformers were 
maintained in selective medium. 

Transfection by Calcium Phosphate Precipitation. Lym- 
phoid cell lines grown in suspension were transfected by cal- 
cium phosphate precipitation as described by Chu and Sharp 
(7). Ten times concentrated HeBS buffer was stored at -20°C 



until used, whereupon it was diluted to two times concentrated 
and adjusted to pH 7.05. Plasmid DNA (80 Mg/ml) wa* made 
up in 125 mM CaCl 2 which was stored as a 2 M stock solution 
at -20°C. DNA-calciura phosphate precipitates were farmed 
by dropwise addition of the DNA into the HeBS solution. Tbe 
precipitate formed in 30 min at room temperature. Th> final 
DNA concentration was 40 Mg/ m * 

Cells were washed once in serum-free medium anu were 
suspended directly in the DNA-calcmm phosphate precipitate 
(10 6 cells per 20 Mg of DNA per 0.5 ml). This suspension was 
incubated at 37°C for 30 min and then was diluted 1:10 m 
serum-containing medium. cells were plated either into 24- 
well plates (2 x 10 5 cells per well'j or 96-well plates (2 x 10 
cells per well). Transfection of Y3 cirlls was done as described 
bv Graham and Van der Eb (8) for adherent ceil lines. TheDN A- 
calcium phosphate precipitate was put directly onto the ceil 
monolayer. After 30 min at 37*C, serum-containing ; cnedi urn 
was added. After 24 hr, half of the medium volume fro<n each 
culture was removed and was replaced with fresh medium. Un 
days 3 4 5, 8, 11, and 14, half th.^ medium volume *as re- 
moved and HAT medium was added. Transbrmed colonies 
were visible between 10 and 21 days, 

Lnmunoprecipitations and Gel Electrophoresis, tamuno- 
orecipitations were done with [ M S]methionme-labe ed cell ly- 
sates and supernates. Biosynthetic labeling procedures ; have 
been described (16). Rabbit anti-mouse light chains ^bhitanb- 
mouse k light chains, rabbit anti-mouse immunoglobulin^ ana 
a hybridoma anti-mouse IgGl allotype antibody were ..sed fo 
immunoprecipitations. Staphylococcus cu ^ s ; C ^ n p :^^ 
(IgGsorb; Enzyme Center, Boston! was used to copre-ipttate 
the antigen-antibody complexes (16i. , . . 

One^imensional NaDodSO./polyacrylamide slab ^iectro- 
ohoresis and two-dimensional non equilibrium gradient gel 
etemhoresis were done as described (17). Autoradiography 

rography by using sodium salicylate v l8l. 



RESULTS 

Transfection Frequencies. The frequency at whic^i stable 
transformed lymphoid cell lines were generated was inf .uenced 
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bv every parameter tested. Different ceil lines and different 
vectors produced different transformation frequency More- 
over the two DNA delivery procedures, protoplast fiasxon and 
calcium phosphate precipitation yielded different transfor- 
mation frequencies. Tables 1 and 2 summarize the result* by 
using protoplast fusion and calcium phosphate precipitation. 

reS UndCT e the present experimental conditions BW5 147 ap- 
pears to be the least competent recipient of thecell lines Rested 
having a transformation frequency of approrimately 10 Y3 
and 27-44 yielded frequencies in the range of 0.3 to >5 ! x 10 . 
In the present experiments, J5S8L yielded the highest fre- 
quency lith the range of 3 x 10" 8 to > 1<T< Protoplast fusion 
appears on balance to be a more efficient delivery system than 
calcium phosphate precipitation. j_.fi,, 
A striking feature of these results is the enhanced transfor- 
mation frequency for gpt obtained with the light chain-contam- 
ine vector, pSV2-S107. Tiiis dramatic increase is evident when 
the pSV2-S107 vector was used with the J558L and Y3 myeloma 
cell lines; transformation with this recombinant was 5- to at least 
10-fold greater than that obtained with the other vectors. Trans- 
formation of the hybridoma 27-44 cell line was increased only 
about 2-fold with pSV2-S 107. The sequences) in the pSV2-S 107 
insert that is responsible for the enhanced transformation fre- 
quency must yet be mapped. Transformation of the V3 cell hne 
was occasionally greater with pSV2-gptTKpr than w,th pSV2- 
eot (Table 2). Regardless of which vector was used, BW514/ 
rransformanbi were detected only at very low frequencies The 
amount of XGPRT activity in cell lines stably tranrformed by 
the three recombinant piasmids was not significantly different 
(Fig. 2 and data not shown). 

XGPRT Activity. The transformed cell lines expressed the 
Eco got gene, as measured by the presence of XGPRT acbv.ty 
in the cell lysates. E. coli XGPRT can be distinguished from 
mammalian HPRT activity by its different electrophorebc mo- 
bility (4 5). In cells selected for resistance to mycophenolic acid, 
both the cellular HPRT and bacterial XGPRT activities ^were 
detectable (Fig. 2). Cells lacking their own HPRT activity and 
selSed for gpt in HAT medium had only the bactenal enzyme 

3C tomSobulin Light Chain Expression. The organization 
of exons in the S107 genomic light chain gene is shown in rjg. 
1 To produce the S107 light chain protein from this gene, two 
introns must be processed from the primary mRNA transcnpts 
aSLderpolype^ 

Tge. For secreL 15 thelightch^n . .part of an W£»bbody 
molecule, the newly synthesized light chain must fold and as- 
Temble with an immunoglobulin heavy chain to form an H.L, 
SJmerito also involves the formation of interchain d.sul- 
fide bonds. . 



Table 1. Transformation of lymphoid- cell lines with the 

pSVa- gut vectors, by using protoplast fusion . 

" ~~ Cell line 



Vector 



J558L 



BW5147 



pSV2-gpt 

pSV2-gptTKpr 

pSV2-S107 



21/288* 27/36t 
10/190* 24/36* 
186/192* 36/36' 
149/192* 



0/76* 1/48* 
0/80* 1/48* 
4/96* 8/43* 



Results are from thr^ experiments and are expressed as the number 

t Sl?wer^U^d at 10 9 cells per 2.0 ml of culture in 24-well dishes. 
*C?lb pitted at 5 > 10* cells per well in 96-weU culture dishes. 
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Table 2. Transformation of lymphoid cell lines with the pSV2 
gpt vectors by using calcium phosphate precipitation 



P - 32 



Ceil line 



Vector 



Y3 



27-44 



BW5147 



pSV2-gpt 
pSV2-gpeTKpr 
pSV2^S107 



3/48* 
19/4B' 
47/48* 



K)/I92 f 
10/192 1 
43/288? 



1/192* 
1/192* 
0/192* 



Results are from three experiments with the Y3 cell im» ana. wo 
experiments with 27-44 and BW5147 ceU lines. 
•CeUawere plated in 24-well culture dishe* at 2 * lfr ceUs per veil 
* Ceils were plated in 9^well culture dishes at 4 x 10* cells per well . 

Of the four cell lines stably transformed with pSV2-S107 the 
T558LceU-line synthesized, but did not <ecrete, the S107 x l:ght 
chain. However, this cell line was not expected to secrete the 
newly made light chains because heavy chain-loss-vanants at 
the S107 myeloma cell-line also do not secrete endogenous Light 
chains (M. Scharff, personal communication). Transferrers ot 
the 27-44 hybridoma cell line synthesized and secreted the - 1^< 
light chain. Moreover, the S107 light cliain was assembled into 
tetrameric immunoglobulin molecules with the endoge- 
nous yl heavy chain and was secreted. Twelve independently 
transformed Y3 and seven BW5147 cell lines did not produce 
detectable amounts of the S107 light c-hairu as judged by irn- 
munoprecipitation and gel analyses. XGPRT analyses venfxed 
that these cells were, indeed, transfonnants. 

Autoradiograms of two-dimensional r^Iyacrylarnide gels 
showing the apparent M r and charge of the light chains pro- 
duced by J558L and 27-44 transfcrmants are shown in Fup. ^ 
and 4. The two-dimensional gei pattern of the S 10, light chain 
synthesized by S107 myeloma cells is included to show that the 
transformed cell lines produced a light chain that is identical 
in apparent M r and charge. The two-cimensionai gel patterns 
abo show that the leader ^OT*.^^ " J*£ 
formed ceD lines that expressed the Ueht chain. This indicates 
that proper transcription, mRNA, and protein j>roces ™? ^ 
in the transformants. Transcripbon of the S107 light chain zene 
probably occurs from its own promoter, because the bgh . ham 
gene is oriented opposite to the direction of theSV40 earl> pro- 

"XSSii^ecreted by 27-44 transformants wer, inv 
munoprecipitated with both hybridoma anJlgG 
tibody and rabbit anti-mouse Ught chain antisera. Bot J re ^;^J 
precipitated the S107 Ught chain (data not showri). Sequ«nttJ 
precipitation, first with the hybridoma anti-lgGl antibocv and 



HPRT-^l 




Fig 2. XGPRT and HPRT production m transformed lymphoid 
Jl Unes EWne analyses were done as described by Mulligan and 
Be« (T« uTes: 1 and 2. electrophone mobility of marc^han 
§Sft W JS58L ceU trsrasformants; an<j 16 and 7 trBxu.fonpante of 
the 27-44 cell line. Because 27-14 ie a HPRT" eel! line, only XGPRT 
is present. 
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67 — 



45 — 



ACIDIC 
A 



30 — 

20 — 
87 — 



" — 27-44* 
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-i BASIC 



ACIDK 



30 — 
20 — 

30 — 
20 — 

30 — 
20 — 



45 — 



30 — 
20 — 



30 — 

20 — 
57 — 



45 — 



30 — 

20 — 
67 — 



45 — 

30 — 
20 — 



,S107* 



30 — 



20 — 



^Sl07x 
"-27-44* 



^S107X 
-27-44* 



FIG 3 S107 light chain produced by transformed 27-44 cells. Au- 
toradiograms of two-dimensional gels of the light and heavy chains 
produced by parental exd transformed cell lines are i shown. (A) Pa- 
rental 27-44 IgGl anti-dansyl antibody immunoprecipitated with an 
anti-IgGl-specific hybridoma antibody. Both the yl heavy and * light 
chains can be seen. (B) S107 IgA antibody iinmunopreapiUted with 
a rabbit anti-IgA antiserum. The « heavy chain was distinguished 
clearly by charge and apparent M r from the yl heavy chain m A (C) 
A mi^^Te immuioprecipitates of A and B. The two k light 
chains can be seen as distinct spots (indicated by arrows) having 
nearly identical charge but different apparent Af r . CD) Immunopreap- 
T Jansfonned 27-44 cell line. Only the yl heavy chain was 
weseuL but two light chains can be seen. In this case the amount of 
S107 light chain was considerably lower than in the artificial mixture 
shown in C. 

then with the rabbit anti-K antisem, indicated that little, if any. 
free S107 light chain v% as secreted by these cells. This shows that 
the S107 light chain i* assembled with the yl heavy chain into 
an intact antibody molecule. 

Different amounts of S 107 light chains were produced when 
a number of independent J558L and 27-44 transformants were 



t 

SI 07* 



t 

J558X 



Fig. 4. S107 light chain produced by transformed J558L ceils. Au- 
toradiograms of two-dimensional gels of light chains immunoprecip- 
itated from cell lysates of J558L transformed with pSV2-S107 DNA 
are shown. Becauae J558L does not produce a heavy chain, only the 
hght chain portions of the two-dimensional gels are shown. (A) A light 
chain produced by the parental J558L eel! line. (S) S107 k Hght chain. 
(O A mixture of the two light chains. The * and A. light chams are 
distinguished on the basis of both charge and apparent M r . (D and E) 
Two independently derived J558L cell lines transformed with pSV2- 
S107 DNA. The transformant examined in D only appear* to produce 
larger quantities of the S107 < light chaia than the endogenous J558 
A light chain, because the S107 * chain is synthesized and remains in 
the cytoplasm, while the J558 A chain is synthesized and secreted. 

compared. Amounts varied from bart ly detectable to quantities 
equal to endogenous light chain. This variation may be due to 
the chromosomal region where the light chain has integrated- 
It also could result from different copv number of the light chain 
gene in different transformants. Quite possibly, mutations or 
deletions of sequences needed for the expression of this gene 
could have occurred during transformation or subsequent to 
integration of the light chain sequence. Further stupes are 
needed to determine the cause of this variation and why light 
chain expression does not occur in Y3 or BW5147 eel lines 
transformed with the same light chain gene vector. 

DISCUSSION 

These experiments show that it is possible to use two methods, 
calcium phosphate precipitation and protoplast fusion, to intro- 
duce genes into lymphoid cells. With pSV2~gpt containing the 
gene for an immunoglobulin light chain (pSV2-S 107) both me th- 
ods give rise to transformants that synthesize bactenal aUPKI 
and the murine light chain. Higher transformation frequencies 
are seen following protoplast fusion, indeed, by using protoplast 
fusion and the pSV2-S107 plasmid. transformants can be ob- 
tained at a frequency of greater than 10 \ Transformation fre- 
quencies are lower when using the other plasmids or cakium 
phosphate precipitation. Because mvcophenolic acid resistance 
or reversion of the HPRT" phenorype do not occur sponta- 
neously in the cell lines used, stable ^ransformarion. at e /en low 
frequencies, can be detected. 

A surprising result is the increased frequency of gpt trans- 
formation when the S107 light chain is incorporated mto the 
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i)SV2-gpt vector. This enhancing effect occurs with both the rat 
and mouse myelomas. A similar increased transformation fre- 
quency has been observed with a hovine papillomavirus vector 
containing the human 0-globin region sequences (19). At pres- 
ent the mechanism for the increased transformation frequency 
in both cases is obscure. Possibly, the chromosomal DMA pro- 
vides an origin of DNA replication, which permits the plasmid 
to replicate within the transformed cell and increases the trans- 
formation frequency. Transcription from the immunoglobulin 
promoter cannot be essential for the increased transformation 
frequencies because deletion of the fragments that are pre- 
sumed to contain the immu noglobufcn promoter region does not 
abolish the enhancement of transformation. It also is possible 
that pSV2-S107 is more efficient for transformation because of 
increased XGPRT production; this seems unlikely because 
there are no consistent differences in enzyme levels in the stable 
transformants obtained with either vector. 

DNA-mediated gene transfer into lymphoid cells may permit 
a study of the regulation and expression of immunoglobulin 
genes in cells in which they normally are synthesized. It may 
be possible to examinathe basis for differential immunoglobulin 
gene expression at different stages of lymphocyte differentia- 
tion. Cell lines in which immunoglobulin synthesis ca i be in- 
duced (20-22) are suitable hosts to determine if the transduced 
immunoglobulin genes also are responsive to those signals. 
Studies with cells transformed with genetic elements that are 
inducible by steroid hormones demonstrate that transduced 
DNA can respond, if the edl contains the appropriate receptors 
(23). 

A question of central importance is what determines the uti- 
lization of various promoters and thus the synthesis of defined 
proteins in certain ceil hues. In our experiments light chains 
are efficiently produced in both transformed mouse myeloma 
and hybridomacell lines. However, light chain production did 
not occur in either a rat myeloma or a mouse thymoma. The 
inability of the immunoglobulin promoter to function m a ^li- 
ferent species has been reported by Falkner and Zachau (24). 
The lack of production of mouse immunoglobulin in a rat my- 
eloma is surprising because mouse myelomas have been used 
to fuse to rat myelomas to produce hybrid cells that synthesize 
both rat and mouse immunoglobulin molecules (25). The pos- 
sibility that the S107 light chain, is synthesized but rapidly de- 
graded in the Y3 myeloma has not been excluded . 

There is evidence that differentiated cell types express im- 
munoglobulin genes to varying levels. For example, somatic cell 
hybridization of myelomas yiel^ybridomas that P^J£ 
bbodies, whereas thymomas yield hybrid cells with T-cell phe- 

notvpes (26). Furthermore, ^ tatio " rf u T^,^£ 
„on-BceUs results in cessation of immunoglobulin production 
(26- 27). The lack of light chain expression in the transformed 
thymoma may reflect tissue-specific gene regulation. It « «d> 
portant to determine if immunoglobulin gene expression m the 
^expressing mouse thymoma and rat myeloma cell hnes , « 
reguSed at the level of transcription, RNA processing, trans- 
lation or rapid protein turnover. 

TteSud?of die structure and fianction of *e immunoglob- 
ulin molecule has been of great interest, both because of the 
Sty of immunoglobulin to react with a diverse ^Uy gfj- 
gands and also because of the biologic importance of antibody 
molecules. Initially, the study of immunoglobulins was bmited 
to the study of heterogeneous serum pools after immunization. 
The advent of myelomas, and more recently hybndomas has 
permitted the study of homogeneous populations of antibodies. 
DNA-mediated transfecrion and immunoglobulin gene expres- 
sion is an important tool to permit the study of immunoglobulin 
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molecules. By using this technique, it should be possible to 
study the function of both novel chain combinations and el 
chain structures, fn vitro site-specific mutagenesis techniques 
can be used to construct specific mutations in immunoglobulin 
genes that can be expressed after transfecrion. Because signif- 
icant quantities of immunoglobulin are produced in the trans- 
formants, sufficient quantities of protein necessary for detail ?d 
analyses should be obtained. 

Note Added in Proof. After this paper was submitted for publication, 
we learned that Douglas Rice and David Baltimore have reported sim- 
ilar results with a different k light chain genr and different lymph lid 
cell recipients (28). 
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We constructed a recombinant gene encoding an 
immunoglobulin (Ig) heavy ^ain con^Ung of the 
variable region from the phosphorylcholuie (PC)- 
specific secreting myeloma MOPC167 and the , con- 
stant region from SJL mice. This gene, cloned into 
the shuttle vector pSV2jgpt. was transfected into 
J558L myeloma cells, and stable transformants 
that expressed the < gene were cloned. ThelgE heavy 
chain in these transformants is associated with the 
endogenous X light chain and is secreted as an intact 
IgE molecule. However, the secreted IgE does not 
bind to PC conjugated to bovine serum albumin (PC- 
BSA). The MOPC167 « chain gene was cloned into 
th shuttle vector pSV2neo and was transfected 
into the t heavy-chain transformant. Stable trans- 
formants were cloned that expressed both the * 
heavy chain and the * light chain. IgE secreted from 
such a transformant was shown to bind to PC-BSA. 
Both types of secreted recombinant IgE bound to 
rat basophilic leukemia (RBL) cells, but only the IgE 
produced by the cell line tr^formed ■witti the 
MOPC167 « gene could be cross-linked with PC-BSjA 
to cause serotonin release. 

Immunoglobulin 2 (IgE) is an Important molecule in the 
allergic response. It Is involved in antigen and cetl rec- 
ognition that leads to a series of events that culminate In 
the release of vasoactive substances and an allergic re- 
action (1 2) The availability of hybridomas that produce 
monoclonal IgE [3. 4) has aided in the study of the struc- 
ture of IgE molecules and the functions associated with 
the Fc portion of th i antibody (5). By using the techniques 
of molecular cloning, mutagenesis, and expression of g 
in transformed ceils, one should be able to additiona ly 
define the structuie-f unction relationships of IgE mole- 
cules (6-81 Furthermore, by constructing IgE genes that 
include the variable (V) regions from existing myelomas 
and hybridomas with the heavy chain < 5°^"^°" 
(C). one should be able to produce IgE of predetermined 
specificity and affinity for a wide variety of antigens and 
haptens. Finally, tie regulation of IgE expression by both 
T cell soluble faccors (1, 2) and by cis-acting genebc 
elements should b : aided by the use of defined recombi- 
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nant IgE genes expressed in transformed myeloma cells. 

To initiate such studies, we constructed a murine re- 
combinant IgE gene consisting of the heavy chain vari- 
able region (V„ 167 ) from the myxoma MOPC167 (9) with 
the C, region from a genomic clone of SJL mouse DNA. ! 
These two components, consisting of exons and introns , 
along with the Ig expression control regions, were cloned j 
into a pSV2gpt vector (10) and were introduced by pro- j 
topiast fusion into a myeloma that produces only A light J 
chains. Stable transformants expressing the IgE heavy 
chain were isolated, and one was additionally trans- 
formed with another pSV2 vector. pSV2 neo ( 1 1). contain- 
ing the complete * light chain gene from the MOPC167 
myeloma (9). Stable transformants were obtained that 
expressed both the t heavy cfcUn and the * light chain 
genes and secreted a functional IgE molecule. The se- 
creted IgE binds to phosphorylchoUne-bovtne serum al- 
bumin (PC-BSA).* Furthermore- the secreted IgE molecule 
binds to IgE receptors [FcRi] on rat basophilic leukemia 
(RBL) cells and can cause those cells to release serotonin 
after cross-linking with either PC-BSA or an anti-lgE 
antibody. Collectively, the experiments presented herein 
show that the gene for a functional murine IgE molecule 
of predetermined specificity can be constructed and ex- 
pressed by transformed cells. 

MATERIALS AND METHODS 

Plasmids and their construction. Plasmids pV lv *5'E and 
pV 167 C.. A plasmid, pV l87 A5*E (9). containing the V H gene from the 
MOPC167 myeloma and the corresponding regulatory regions (pro- 
moter and enhancer) and a plasmic. pV 16J C, (9). ™»£<f < ^ 
light chain gene from MOPC167 celts (diagrammed m Fig.^ 
B) were gifts from Dr. Ursula Sto:b (University of Washington. 

^Isolanonqf C. gene. Genomic DN A of SJL mice was digested with 
restriction enzyme EcoRI and was ctoned into ^ ^eriophage X 
vector L47. 1 (12). The genomic library was screened by hybridization 
aTwitn a radic^ct.vely labeled IgE cDNA probe { l 4J. A clone con- 
tatninfi a 20 kb EcoRJ insert (diagrammed in Fig. 1C). ..called L47 
sSSaOl was isolated, and a 4.6 Kb Bam HI restriction fragment 
c^ming^e IgE constant region g*ne was identified by Southern 
hintttns (13 1 5) by using the IgE cDNA probe. 

"tomld^SV^fconsfructtok. Tilt 4.6 Kb BamHIO frfg™"'™r 
tsoS indwas llgated Into the unique BamHl site of the vert* 
DSV2wt (101. to mike plasmid pSV-C. (diagrammed in Fig- 2| : on- 
Son of the C. msertwas determined by digestion with PKI 

Construction, of plasmids pSV-V Hier C. and pSV^V-C.. A 4^5 

Xtakl to aenerate a 3.8 kb Sacl-Xbal V„ IS7 fragment and a 0.7 kD 
SS-g^enhancer fragment. The two P^/^fg» ^ 
Ugated into the multiple cloning site -if plasmid pUC 2 jjAt had 6ce0 
cut with EcoRl and Xbal. This plasmid was then cut with EcoRI and 
Smal [in the multiple cloning site of P UC12) to generate a single 4.5 
kb V-,«r «ene fragment that was inserted In the unique EcoRI site 
of the plasmid pSV-C, by ligation bv using EcoRI recognition sites, 
followed by potymerase 1 Klenow fragment fllling-in (13) of the 



■ Abbreviation used tn this paper: f* '. phosphorylchollne. 
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fining EcoRI site to '^»££££ZE& KSS2 
blunt ends. The orien ^f" |l^^d BamHl plus EcoRI. One 
£ C ermined by digesuons ^wUh JamM and mb^ fragment rela- 
tlasmld with each orientation of the v m ^cnn have the 

C. was retained: ^P la ^d ^e on a normal rearranged 
orientation as Vh ^ $ ^, ereas the other with the V„ 

gSSS^^SSS" was oalled pSV-^V-C. (dia- 

th ; V.^-C region £c£"oS^n£ »>y EcoRI and 

Inserted Into the unique EcoRI site ^oi vcc i~ (ran . 
Wunt-end ligation as above. A P'asmld ■» ^b«™ (a f determined 
SSfted in the opposite ortentaUon as " 1 ' n ^ r n ammed m F ,g. 2). 

„ a spontaneous heavy^^s derlva^ Unlverslty New York 
was a gift from Dr. S. L- Morrison ^ tfied ^unal essenual 

MY) and was mamtataed in Dulbecco 2 ^ glutamine. 

medium (DME) containing 10 mM^t^- fr0 m Whlttaker 
£~clUin (50 U/ml)^ S'^gg'OTfSl'Slf ierum (from HyClone 
M A- Byproducts), and 10 * l*™. ,cuu 

£ b oratoriesj. ^£ m P*£™£ ft from Dr. D. Holowka (Cornell 
RBL cells, strain 2H3. were a 6> RPMI medium supple- 

Sf^rntsJeT^ S -^ yCin ' ^ 

J558L cells by (WMP>»«^^S 48 h/af ter fusion. Selec- 
D ME containing "as Initiated 48 hr after 

tionforexpre^rf^^jrtSSS^OME containing xanthine 
fusion by growing the ' £ «?5S ^ mycophenoUc acid , (6 */ 
!250 Mg/ml). h ^^ l ^°H 'in coiSete-DME containing an e«ecUve 
ml) for gpt «P«« l0 ^ n f f^fSiotiC G418 sulfate (from G1BCO) 
concentration of 1 maintained in the selec- 

tor rteo «P^ ton -J ra " s f^Titon^ ww usually visible after 10 to 
tive media for 2 to 3 wk ^ d ^°" wTed by UmltlngdUution. 

14 days. Individual *»« ^ cells. RNA dot blots 

DeUctionoJgeneexpresslO^rUT^orm rf approxi . 

,16). Cytoplasmic RNA was ^u, options on n.trocellu- 

mately 10 s cells and was spotted was probed with M P- 

tose membrane. for C (14). SP» P<>). < ^ 

labeled nlcH-translated DN A J«™ : WMhed V high stringency (IX 

S&^)^^^^ W^n Not- 

Polyacryfomlde gel on sodium dodecyl 

ting of proteins. Proteins were ^ fl ™ f ^ to ni . 

s Jate (SDSHO^^^^ Smgthe membrane with 2% 
trocellulose membrane (18). After Wcck g ^ ^ the ^ 
BSA in phosphate-bufrered saline ' I2ai _ labe ied goat anti- 
fTrred %™^ffi^J%£^££w (approximate ly 10' 
£XXrTw£w^^ I* ™° n X10 ° f ° r 

ffi^«--«^£^2£i«d ^ solid-phase RIA 
Radioimmunoassay fRMJ. ^J**", . bs a at 8.3 PC per BSA 
(3 19) in which either ^"i"^^. KotogV InsOtute. La Joto. 
provided by Dr. J. M ^ c *^"' m £iVvmyl wells by coating the 
CA) or GAME was liwnobltazd on ^r™£ QAMK lat i M g/ml) in 
weL with 100 5% BSA-PBS for 1 hr 

PBS and drying at 37 C. AJ ter b^ Staining IgE or purified IgE 
at 25°C, 100 Ml of complete DMt. ™" . w fuand were Incubated 
diluted Tin 0.5% BSA-PBS 50 ,1 of '^-labeled 

for 3 to 12 hr at 5»C. The weUrtwerewas weU an<J 

GAME (approximately 2 x ig washed five times 
were incupated for lh^t^^Thew counted ma 

CA 1 Hrtetmlne whether a secreted IgE contained 

RIA was also used to determine wne were coated on the 

a x or a X light <*^/££^,f b£a Then 100 ,1 of rabbit anti- 
wells and were blocked with ^ ^ orles) or ra bbit anti-mouse x 
mouse « chain (from Betty. ^"^.Jwere added to each well 
chain antibodies (from Tago ^ at 37 . C . After washtog 

at 1/4000 dilution and were ^f^^^ubody (approximately 10 s 
the weUs. 50 * of '^^"^^^fw^e incubated 1 hr at 
com) were added "> 'f^^^^S Tas above. Reagentswere 

Sd«^f^ 



,Medlca. Biology Ir^tltui e La JWto. C A) ApDroxlmately 3 * 10" 
Serotontn-releosebuRBL ceusiJ. se ^, CO nin i| 3 H|hydroxj- 
RBL cells were Incubated wUh 20 oM H|se « lhe 
tryptamine binoxa late; from DuPom NEW ^ ona , M 3 , or 

latlon fluid. Towl serotoiun up^ce wu a£ ^ d 
aUquot of washed celb '^^J* SJS^topKiphy. Recombinant 
Purification o/ fgE by £nn> »^ s affinity 

IgE were purified from supema^U of ^|0^ea 
chromatography by using ^h««-o GAME ^upleo P ^ ^ 
(3. 23). A column (0.5 x 15 cml I ^^^"ve times wub cell super- 

natant. was ^^^.^^100^°'°! wa 7 e | Uteo successively with * 
methylsulfonyinuorrie (PMSF) • ^^'""^^ , mM PMSF 



RESULTS 

Construction and trans/ectton o/ ^^"f^Ti*; 
region (V„i6t) from the »u shuttlc vec tov. 

V) was •"-e^^.^S'^S^^PP^ 
VDJ region, and the ^gH «tawj lasmid . p !as mi<is 

was called pSV- H i67V-^.. i«« 

grammed in Figure 2. r^hi and consists of the 



•teu 



i 1 1 

LL-L 



Fl9 ur e 1. MOPC167 and C. f^^«S^^^ 
PflnS A pV», OT &5'E contains a 7.4 *to » nstr J2 on used jn constn:«lng 
4^^-^'»^^„TTCrt s7vSS "mains a 17 4 kb 
pSV V....T-C. an* pSV-»,. T V ; C to Pen* v f nt MS used 
fpnl-E^oRI fragment in vector pUC.8 W Th. e ec(>ri •» ft L ^ 
^constniCtpS^.^C.^P^C 'he 4g Rb Bam Hi 

as soiid boxes. 
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C Th^cnt^vTctor^^^ [10)%hownas a rirc/e| was used in the 
HrsT thr^as^uc^ £k consists of DNA from pBR322 [unshaded) 
wSre th?pal?Uons of the origin of replication [orf) »^ t ^f« 
/m7TD«l- SV40 DNA [solid black) with its origin of replication: and the E. 
7Ji t^icr^'natcaed) are indicated. The SV40 P™~£ 
located # to the 0P c gene. In Circle A. pSV-C, is a plasmid tn which i the 
^reelon (shovm a£ A arc) was subcJoned into the unique BamHI site of 
rivloDt In cScte B. pSV-V^T-C. is a plasmid in which the V HI67 and 
tn^^^r^an^^ as an arc) was subclone* into the .unique 
EcoRI site of pSV-C?so that the V„ lff7 fragment is in the normal chromo- 
Lmal M&n relative to the C. fragment and ^^^^ 
is in the opposite direction to that ot the gpt «ene. to ?^~Zzir 
C IS a vectoTslmllar to pSV-V HI erC. except that ^"^l&^nw 
frWment Is In the opposite orientation. In Circle D, pSV.V IlflT -C consists 
o^Tcomplett 7l geneTbown as an arc) cloned into pS V2 neo | U ) shown 

are denoted by boxes ana the enhancer as a closed circle. 



gpt 




Lion of the transferred gpt arm C. genes. As shown i n 
Figure 3 A, all of the transfected populations showed 
transient gpt expression, but only those transformed 
with pSV-V H i67-C, and pSV-„ 1C rV-C. showed transcription 
of the C, region. Stable transformants were selected, and 
four independent clones for each transformation were 
assayed for transcription of the gpt and C, genes by 
cytoplasmic RNA dot blotting. Figure 3B shows that all 
of the clones transcribed gpt as expected, but onty two of 
the four clones transformed with pSV-V H i67-C. tran- 
scribed the C, gene. The stable clones transformed with 
pSV2gpt do not produce RNA that hybridizes wnh the C. 
probe. In contrast to the transient expression results, 
none of the clones from cells transformed wich pSV- 
histV-C, showed C, transcription. 

The entire light chain gene from MOPC1 67 (9} in plas- 
mid pSV-V <167 -C„ was introduced into one of the stable 
transformants for each of the above fusions, A*ain the 
transformed populations were assayed for t-ansient 
expression of the vector selectable marker {nec\ and C. 
48 hr after fusion, and all cell lines showed thst fusion 
had been successful (data not shown]. Stable transform- 
ants were selected, and clones were isolated. 

Analysis ojlg produced by transformed cells. Protein 
expression in all of the transformed cell lines was as- 
sayed for production of IgE anybodies by Western blot- 
ting by using a radiolabeled anti-lgE antibody to detect 
both cellular (data not shown) and secreted IgE. As shown 
in Figure 4, only clones transfected with the plasmid 
pSV-V H i67-C. with or without pSV-V., ST -C. secreted a mol- 
ecule recognized by anti-lgE that co-migrates with IgE 
heavy chain from mAb 26.82. As expected, cells that did 
not show transcription of the C gene did not produce any 
IgE heavy chain. The cells transformed with the heavy 
chain gene alone produced an IgE that was secreted This 
is probably due to pairing of the * heavy chain with the 
endogenous X light chain produced by the J558!- cells. 

To additionally characterize the secreted IgE. -ve tested 
cell supernatants from two IgE secreting clones by RiA. 
Two RIA experiments were used: one to detect binding of 
IgE to anti-lgE and one to detect binding of IgE to PC- 
BSA. The results of such assays are shown m figure 5. 



k'v*: 

„„,„ - rvtoDlasmic RNA dot blots of untransformed and trans- 
i Suh a 9P < proDe. Panel A shows transient egression of 

Uanes 2 and 3 pSV2gpr: La^s 4 through ^"^00^^0^6.82. 

Mu l J^^^^^^V^ for each 

panel: 1/4. 1/16. 1/64. and 1/256. Exposure time. 20 hr. 

and M2 In FJg. 1). This region has not been sequenced in 
Ice. but we assume that the BamHI slte = 
the same position, because the genomic restriction map 
for BamHI and other restriction enzymes in this region is 
identical for both BALB/c and SJL mice (C.A.G. and 
F -T.L.. manuscript in preparation). 

Protoplast fusion was used to introduce the plasmids 
pSV2gpt. PSV-V H 8T-C and pSV-„ l87 V-C. Into J558L cells 
(6). Some of the ct Us were harvested 48 hr after fusion, 
and RNA dot blotti rig ( 1 6) was used to assay for transcrlp- 




*1 



Figure*. Panel A shows a Western blot of supernatar £ * 
formed and untransformed J5S8L eel s probed with J-°*»£- Ceu 
supernatants fSO „1 from approximately lCf ^^/ral) for J558L w» 

&SjS» ecu? were'uW Panel B shows a Western Wot of affinity- , 
ptru-ted IgE from Lane I. mAb 26.82 : JS38L transformant:- ^of: Lane % \ 
pSV-Vh.st-C: and Lane 3. pSV.V„,„-C. and pSV-V.^C.. Positions : rf , 
m w standards (xlO" 3 ) are shown at the rtghi: arrows mdlcate tie 
p^uonTof the heavy (H) and light %) cha.ns. Two addl«onal band* 
present m tones 2 and 3 may be degradation products of thr H chain. 1 
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TABLE 1 

RI A analysis of the liQht chain isotypes o f secreted IgE 

" *»l-Goac .snti-ftabbtt Binding 

Source : rpm = SD^ 

oflfiE 



IgE Coaung 
Wells 



Rabbit am 



Rabbi l arm- a 



J558L/ 
pSV-V„ I6T -C. 

J5S8L/ 

pSV-V H 167-C 

pSV-V, 1B7 -C. 



[gE(i) rtiAb 26.82 

None (background) — 



537 ± 0 9245 x 480 

1266±::9 5517 i 10 

1987 * -S 647 + 15 

558 * 7 538 i 18 _ 



i 



W* *? I«* »"* *** ^ I » " " 

DtUtifti 

— pi * —ults of IfiE blmiuig to CAME and PC-BSA. AnU-PC 
Kgvre 5. RIA 3B12J and cell supernatants from 

(gE (ascites nuld ^* rt *°™ transformed J558L cells (grown to 
clones of un transformed and staM. u*nz* SJjmbols {Pa nels A and B) 
approximate^ A and C) indicate 

indicate binding to PC-BSA ana ope m. y panels B and C are for cell 

supernatant* f » ? J^SSaSSSJ a J558L pSV.V m6 r-C, and pSV- 
?or PaneTH and C the reciprocal of the dlluUon 

factor is shown. 

Cells stably transformed wKh P SV - V «^'k ^llnfto 
Seduced an IgE that was detected by binding to 

Sn£L£ only, in contrast. V^^^ggT? * 

\; _P nTlf i dSV-V.ist'C., called J558L (e, A, *}. pro 

V soeciflcity are required for PC-BSA recogmtion; the 
V 67 C heaw chain paired with the endogenous J558L 
nZfhaS7no?sufncien« for PC ; BSAbinaUnfr In addi- 
ligni cndiui stably transformed with pSV- V. 167 - 

Uon a clo . n ^f p J ^ L A S Snd ng activity in the ceU super- 
C- f nMdlta nc? sS^r^rboth assays supernatants 

eontroL and an a^PC^ ^se^ 
positive control. From ™ "??L laffinl ty-purlfled anti- 

dnITSa? ! 26 9 M) V?SJ3LS S^e^ransformed 
mAb 26.82) we ca, of approxl- 

ble IgE-secreting transfonnants, o558L ^^Jj^j 7_£ g aV e 

RjA results .^^^r^thennore. purified IgE 
the unpurified suj*™ a ^ nl ^ c ^ SUCC essfully compete 

from both «7^2hS£S on a solid phase 

with monoclonal antl-uiMr . « f both 

RIA (data not shown). Wn used purified IgE .from fcotn 
clones in RIA to confirm trat ceUs transformed with pSV 
X^^«l«ced IgE wit, a X light chain, whereas the 
clone transformed with be th pSV- Vh.jjtC. J^^nT 
C. produced IgE molecule* with k and/or X light chains. 
These results are present**! In Taole I. 




1558L 



J558L 

P sv.\/ H -c E 



+ 

)5seL 

Figure 6. (^Serotonin release from RBL od Ita ^^T^ 

pSV-V„^-C clone;, and a ^^^^Vh. bars). Bars represer.; 
formant; and with mAb 3B12 l 1 ™^™ separate -xperimeucs measure i 

Sars for PC-BSA. and sttppted bars for GAME. 

Effector functions of the recombinant IgKn^e^ 

in a serotonin-release assay w while the 

the IgE first binds to the FcR. on the FBL cetts h 
cells --^aneously ^^^^her •»»" 
quently the the cells to relea,e 

cross-linked with ^nti-IgE axiUbody^ The cea £ 
tants from a clone transforrne^with both th ^ 

serotonin release wnen c , oss -llnking age.it 

s«o B ton A h,Sse from cells incubac^ 
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— near the site of integration of t*>c 

mids may be positively regulated bv ««ch«n«J« _ 
integration position, allowing for -.election ot rai s 
o SS ceusfSt express the fore.gn (! en« at h-.gh 
to addition, it cannot be ruled out cut port.onso, ne 
ctoned genes may be selectively lost during stable ,n .e- 

T^nteresting to note that the mye ^'J 
transformed with our constructs proluced less Ig^ih «. 
anv of the lgE-secreting hybridomas rested (3. 4) .unpt.b 
Se^sulls). This could be 

infl the oosition of integration of the :ntrodui.ed igfc ge.ie^ 
ItowSSeTJhe C, gene uled in the construction* presen ,ea 
" e Te cSne froml genomic unrearranged IgE ^ t „ 

iomeitherhighor^ 

aLST^-ST ?S frr^nteraclSn 0f * 
expression, independent of T and B ' >"^^ e 

Cells transformed with the comple te V„ 167 C gene : i* 
duced and secreted IgE heavy chair ^.^^^ 
Ught chain, oresumably the endogenous "g^ chain ■ « 
molecule would have a hybrid variable region J h^^ t 
PC and V M anti-dextran, and did not b£ ^ £ 

either an RIA or "^^""^"XS, gene and 
stably transformed with both th ^?^™ ri * ed . viL h 

hoth X and k light chaln^i ne ^ me 

be of three Wes^ J ^ . wW V contributing 

previous result, only the latter i w o f [his 

clone. Because the third W e MOPC167 i.ells. 

different isotype of the ig P™*^* ° y hether tne second 
this IgE must certainly bmdPC-BSA^wn^ 

determined. Both types 01 5L<i y;- , RBL ceU£ and 

duced IgE molecules that ^^"S^Sf^b-iund 
cause serotonin release fr°mthese ^" ne hybnd variable 
toE was cross-linked by GAME. Th-.is the n> on 

J^hf < *JJ. ^Sfo^ ctone. similar in- 
produced by the «t cnain ith a mouse-human 

Ability to bind to PC was v~J»^* ^ gene . with 
chimeric IgG when the c *™™ mvel om* M07. 

a variable region derived fron: . ar.t. PC m. 
was expressed ^558L ceUs ( 7 ^ ^ 

V. regions from MOPC167 were r<=s arLi body the 
bmding a ty^S^^TS C Region 

heavy chain of » h £ h „ 0Tod uced and w.*s ex- 

fused to a mouse ^J*^^ v H region i, OJ. 
pressed in J558L cens \f\. soecifievty for 

Chimeric IgE came '™ most 
the hapten 4-hydroxy-3-nitrophe: acetyl w | 
anU-NP myelomas, it made use ct a »|™ c and 
same light chain isotype expressed by J5o8L ceu 
therefore the combination of the C J^™ h ££ ^ 
with the J558L light chain was capable of rec.ognw ng 



, t v, 1= «.ner we have shown that a complete murine 
In this paP" ^"^ted. transfected. and expressed 
IgE gene can be construe t IgE with known 

m m i^^S5S?S»ld allow one to produce IgE 
V-regionTavLSb^ from known myelomas and hybnd- 

° maS r^E h hivy^hain gene construction presented 
. ln ^Xn including the promoter and enhan- 
here. the V H167 r^°" region by 751 base pairs 

cer was grated ^ ^ ^g rf ^ ^ 

of vectorDWMlO^T W- ^ transcrlptton 

expressed regions did JK _app f the result . 

of the final construe e d g« or tjjn^ ^ ^ 

ing ^o?thftworeSiors. we cannot determine whether 

- thdiffCrC "LCT^ W reg^n% C e\re rt to the C. 
ThC ^criSor Iran script of the C. exons in stable 

onentationastney due to any position 

chromosome. This u P u h ^ enhancer has 

entation would probab y be inscribed, at 

""iXSi C was not seen in stable clones 

Although atransenp was in the opposite 

when the P rom ^^ H ;"jSS5Sn was observed in un- 
° rtCn !f -JZS Si. TmKransient expression prob- 
clonedtransfo^ed ce s initiating within 
ably represents sterih c u ^ . sterile - tran . 
the intron located 5 of thej U reg of 
scripts have been ^^^J I n fS > | M d at a larger 
CCUS ^;f s'ta^Hlones «S ^..V-C. transformed 
"T Ho nS toow whether tois discrepancy between 
cells, we do not ^ stably transformed cells 

expressionof C to tfarsien afferent levels of 

ls due to the « p-ttton ^SS?« d unmtegrated vectors, or 
transcription for ^; ace ? addition , the transcription 
to a copy number ^'^'J^toed by the state of the 
initla «on ^e used^ma ^nn^ ^ at the 
transformant: transie ii c bl trans f 0 rmants 
5' intron initiation s.te _ ^ h ^ MS lniUaUo n site. 

may preferentially > use the ^ P^^^^s fr0 m 
Additional *2^^S^oSed cells would be re- 
transiently a n d s ^°' y "J £ en these possibilities, 
quired to ^«^,S7S^onned clones that were 
Only some rf ^ e .f^L^esslon of the E. coll gpt gene 
selected on the basis of «P ress *° n ° The phenom - 

of the ^^Co^SS^^ M - 33) 
enon "^J^ne posiuonof the recombination 

and is probably due to tne po ^ smi6 ente rs a chro- 

site "^^"VJS _ ™ o^unSd between the IgH pro- 
m osome. recombm.iUon o<x ^ become 

m °»u ^ fhe e ien ^nd transcription would not 
un,lked A1 datively .-xpression of the integrated plasmld 
Sy b; Tne^aS "Sated by some component of the 
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• he hapten NP. Thus binding of recombinant Ig molecules 
to hapten may or may not require the V„ and V L regions 
from the same myeloma o- hybridoma. and many situa- 
tions will have to be exiiertmencally determined. The 
chimeric IgE could compete with human IgE and also 
bind to FcR« on mononuclear cells, causing histamine 
release In the presence of NP. A similar but more highly 
refined mouse-human ch merle IgE was recently con- 
structed in which the mouse complementarity-determin- 
ing regions (CDR) were used to replace the human CDR 
(8) This molecule in combination with the corresponding 
mouse light chain acquired the hapten affinity of the 
mouse antibody. 

From our results and those of others working with 
chimeric IgE it can be seen that functional IgE of prede- 
termined specificity can be produced by using the tech- 
niques described here. This same approach should be 
useful in determining a possible role of the , C reg™ to 
regulation of IgE expression and in defining the regula- 
o^functtons of soluble " cell factors (1. 2) that affect 
WE-expressmg B lymphocytes. Genetic manipulation of 
me cenes before transfectlon and analysis of the mole- 
cules produced by the transformed cells should help to 
define the regions of the C. gene involved in IgE biological 
functions. 
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Transfectomas Provide Novel 
Chimeric Antibodies 



Nearly 100 years ago it was shown that 
the antibodies circulating in the serum 
provided the basis for the immune re- 
sponse. With the development ;of serum 
electrophoresis it was possible to dem- 
onstrate that these antibodies were pro- 
tein molecules (/). Many years of re- 
search have revealed that antibodies are 
responsible for specific protection 
against bacterial and viral diseases and 
are involved in normal and disease -relat- 
ed immune reactions, including inflam- 
mation, autoimmunity, graft rejection, 
and idiotype-mediated network regula- 
tion. Antibodies have also proven to be 
invaluable, exquisitely sensitive reagents 
for the location, identification, and quan- 
tification of antigens in many different 
assay systems. 

The advent of hybridoma technology 
in 1975 made it possible to obtain anti- 
bodies of a defined specificity in large 
quantities (2). However, limitations per- 
sisted, and it was not always possible to 
generate antibodies with the precise 
specificity desired or with the appropri- 
ate combination of specificity and effec- 
tor functions. In addition, hybrid omas 
cannot be produced with equal ease from 
all species; in particular, human hybrido- 
ma antibodies have been difficult to ob- 
tain. Thus, an exciting recent advance 
has been the development of transfecto- 
mas, in which a combination of recombi- 
nant DNA techniques and gene transfec- 
tion can be used to create novel, chimer- 
ic immunoglobulin molecules. 



Structural Basis of Antibody Function 

Two functions are characteristic of 
every antibody molecule: (i) specific 
binding to an antigenic determinant, and 
(ii) participation in effector functions, 
such as binding and activation of com- 
plement, stimulation of phagocytosis by 
macrophages, and triggering of granule 
release by mast cells. The specific bind- 
ing of antigen by antibodies is deter- 
mined by the structure of the variable 
regions of both heavy (V H ) and light (VJ 
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chains (see Fig. I). The effector func- 
tions are determined by the structure of 
the constant region (C) of the heavy 
chains. Immunoglobulins (Ig's) with dif- 
ferent constant regions — that is, Ig's of 
differing isotypes (in the human IgM, 
IgD, IgG,, IgG 2 , IgG 3 , IgG 4 , lgA u IgA 2 , 



rum are a mixture of specificities, antise 
ra of defined specificities were difficult 
to obtain in large quantities. These prob- 
lems were solved to a certain degree 
when it was realized that the disease 
multiple myeloma represents a mon clo- 
nal proliferation of plasma cells and that 
large quantities of homogeneous anti- 
bodies could be obtained. The majority 
of what is known about the structure of 
antibody molecules and the organization 
of Ig genes has come from the study of 
these myeloma proteins and ceils. Un- 
fortunately, only a few of the myeloma 
proteins can be demonstrated to bind 
known antigens, so their usefulness as 
specific reagents is severely limited. 

Monoclonal antibodies of defined 
specificity became available when Koh- 
ler and Milstein demonstrated that cul- 
tured mouse myeloma cells could be 



Summary. Methods have been developed to transfect immunoglobulin genes into 
lymphoid ceils. The transfected genes are faithfully expressed, and ass mbly can 
occur both between the transfected and endogenous chains and betw en two 
transfected chains. Gene transfection can be used to reconstitute immunoglobulin 
molecules and to produce novel immunoglobulin molecules. These novel molecules 
can represent unique combinations of heavy and light chains; alternatively, oy means 
of recombinant DNA technology, genes can be assembled in vitro, transfected, and 
expressed. The end products of such manipulations include chimeric molecules with 
variable regions joined to different isotypic constant regions; this is possible both 
within and between species. It is also possible to synthesize altered immunoglobulin 
molecules, as well as molecules having immunoglobulin sequences fused with 
nonimmunogiobulin sequences (for example, enzyme sequences). 



and IgE) — therefore exhibit different bio- 
logic properties. Antibodies are glyco- 
proteins, and the presence of carbohy- 
drate on the antibody molecule is essen- 
tial for some of the effector functions of 
antibodies (3). Cleavage with the enzyme 
papain splits the Ig molecule into an Fab 
region that can bind antigen and into an 
Fc region containing the effector func- 
tions (Fig. 1). 

Both the heavy and light chains are 
encoded by multiple DNA segments. A 
functional Ig gene is generated only after 
somatic rearrangement of distinct DNA 
segments (4). In the functional Ig gene, 
intervening sequences separate the hy- 
drophobic leader sequence from the vari- 
able region and also the variable-region 
gene segment from the constant region; 
in addition, intervening sequences sepa- 
rate the different domains of the con- 
stant region in heavy chains so that each 
functional region of the heavy chain con- 
stant region is on a separate exon (Fig. 
1). 

In the past, structural and functional 
studies of Ig molecules were complicated 
by the heterogeneity of the molecules. 
Because antibodies present in an antise- 



fused to spleen cells from immunized 
mice (2). The hybrid cells (hybridomas) 
grow continuously in culture (property 
acquired from the myeloma cell) and 
continue to produce in large quantities 
the Ig that had been synthesized by the 
spleen cell partner. These antibody mol- 
ecules are monoclonal; hence, they have 
an advantage over classical antisera in 
that their combining sites are homoge- 
neous. However, the fact that the lg 
produced by one hybridoma is of only 
one isotype can be a problem if the 
isotype expressed does not have the ef- 
fector function, such as complement fix- 
ation or binding of staphylococcal pro- 
tein A, required for a certain assay. 

The large quantities of chemically de- 
fined antibodies produced by hybrid- 
omas have been invaluable tools for im~ 
munoiogists, but they do have certain 
limitations. Although hybridoma pro- 
teins that bind defined antigen can be 
identified, the affinity of the binding can- 
not be determined by the researcher. 



Sherie L. Morrison is a professor of microbiology 
ai the Cancer Center/ In si it me for Cancer Research. 
Columbia University College of Physicians and Sur- 
geons, New York 10032. 



SCIENCE, VOL. 229 



Furthermore, the isotype of the anl^pcry 

is determined by the constant region 
eene being used by the normal cell at the 
time of fusion. 

An additional problem associated with 
hybridomas is their species limitations. 
While it is relatively easy to produce 
mouse or rat monoclonal antibodies, it is 
difficult to produce human monoclonal 
antibodies, which would be desirable for 
certain studies and in vivo use. Many 
human hybridomas produce only limited 
quantities of Ig and are unstable in their 
production. 

The isolation of somatic mutants of 
hybridoma cells has provided investi- 
gators with additional capabilities. Cell 
lines with both decreased and increased 
affinity for antigen can be isolated (5). In 
addition, it is possible to isolate somatic 
mutants with alterations in their Fc re- 
gions (6). These mutations may be either 
structural changes in the Fc region or 
may represent isotype switch mutants. 
Switch variants have permitted an as- 
sessment of the contribution of the hinge 
region to the segmental flexibility of Ig 
molecules (7). 



Ig Gene Transfection into 
Lymphoid Cells 

Gene transfection provides a method 
for making novel Ig molecules (Fig. 2). Ig 
genes, either wild-type or altered in vi- 
tro, can be transfected and expressed (8. 
9). The transfected cells (transfectomas) 
grow continuously in culture and pro- 
duce the Ig specified by the transfected 
gene. This approach has the advantage 
over the isolation of mutants that alter- 
ation can be predetermined and does not 
depend on the chance occurrence of the 
desired changes. 

The expression of transfected genes 
can be studied transiently (a few days 
after transfection) or stable transfectants 
in which the transfected gene has inte- 
grated into the chromosome can be iso- 
lated. If the objective is to produce a new 
pr tern, stable transfectants need to be 
isolated to provide a continuous source 
of the protein. Because only a small 
percentage (10~ 3 to 10~ 6 ) of the cells 
exposed to foreign DNA go on to be- 
come stably transformed, selective tech- 
niques are required that permit the isola- 
tion of rare, stably transformed cells 
from among the many nontransformed 
cells. Initial experiments used the thymi- 
dine kinase gene from herpes simplex 
virus as the selective marker (10). How- 
ever, this required that the recipient cells 
be deficient in endogenous thymidine 
kinase (TK~); consequently, only a few 
20 SEPTEMBER 1985 
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Fig. 1. Structure of an Ig molecule and the genes that encode it. The regions of the molecule that 
participate in antigen binding (Fab) or different effector functions (Fc) are indicated. Arrows 
indicate the correspondence between the DNA segments and the different domains of the Ig 
polypeptide chain that they encode. The hydrophobic leader sequence of both heavy an d light 
chains is removed immediately after synthesis and is not present in the mature immunoglobulin 
molecule. 



available cell lines lacking thymidine ki- 
nase could be used as recipients. 

To overcome these limitations, vec- 
tors with dominant selectable markers 
have been developed (11-13). Dominant- 
acting genetic markers produce a selec- 
table change in the phenotype of normal 
ceLls; such markers have been produced 
by placing bacterial genes within mam- 
malian transcription units. The most 
commonly used vectors have been the 
pSV2 vectors (11), in which the selecta- 
ble marker is placed under the control of 
the SV40 early promoter; SV40 se- 
quences provide splice signals and a 
polyadenylation site. 

Two selectable bacterial genes have 
been used: (i) the xanthine-guanine phos- 
phoribosyltransferase gene (gpt) (12), 
and (ii) the phosphotransferase gene 
from Tn5 (designated neo) (13). Selec- 
tion with gpt is based on the fact that the 
enzyme encoded by this gene can use 
xanthine as a substrate for purine nucle- 
otide synthesis, whereas the analogous 
endogenous enzyme cannot. Thus, for 
ceils provided with xanthine and in 
which the conversion of inosine mono- 
phosphate to xanthine monophosphate is 
blocked by mycophenoiic acid (14), only 
cells expressing the bacterial gene can 
survive. The product of the neo gene 
inactivates the antibiotic G418 (15. 16) y 
which interferes with the function of 805 
ribosomes and blocks protein synthesis 
in eukaryotic cells. The two selection 
procedures depend on two entirely dif- 
ferent mechanisms; therefore, they can 
be used simultaneously to select for the 
expression of genes introduced on two 



different DNA segments. Alternatively, 
they can be used to select for the expres- 
sion of different genes introduced se- 
quentially into cells. 

The recipient cell type of choice for 
the production of Ig molecules would 
appear to be myeloma cells. Myelomas 
represent malignancies of plasma cells, 
and they are capable of producing large 
quantities of Ig. Expression of transfect- 
ed heavy chain genes by myelomas ap- 
proaches the level seen for the endoge- 
nous myeloma protein (17, 18). Expres- 
sion of light chain genes after transfec- 
uon has been more of a problem, and 
frequently it is only 5 to 10 percent of 
that seen in myeloma cells expressing 
the same gene (19). However, it has been 
possible to identify transfectants in 
which the synthesis of both the light and 
heavy chain of the functional Ig molecule 
has been directed by a transfected gene 
(20-22). 

Several methods exist for introducing 
DNA into eukaryotic cells. Calcium 
phosphate precipitation is routinely used 
to introduce DNA into many cell types 
(10, 23, 24). However, this technique 
results in a low frequency of recovery of 
transfectants from myeloma cells (9). A 
more efficient way of introducing DNA 
into lymphoid cells is by protoplast fu- 
sion (9, 24). In this method, lysozyme is 
used to remove the bacterial cell walls 
from Escherichia coli bearing the pias- 
mids of interest (9, 24), and the resulting 
spheroplasts are fused with myeloma 
cells by means of polyethylene glycol. 
After protoplast fusion, stable transfect- 
ants have been isolated at frequencies 
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ranging from 10 -4 to 1CT 3 20). 
Recent results have suggested that elec- 
troporation may also be an efficient 
method for introducing DNA into lym- 
phoid cells (25). For electroporation, a 
high-voltage pulse is applied to cells in 
suspension in the presence of DNA. Sta- 
ble transfectants have been isolated from 
many different cell types at frequencies 
as high as 3 x 10* 4 . 

Variations in transtectability have 
been observed among the different my- 
eloma cell lines and among different 
clones of the same myeloma cell line. 
The cause of the variations in unknown. 
The myeloma J558L, which produces X 
light chains and no heavy chains, is 
among the best recipient cell lines. With 
the appropriate vectors, it can be trans- 
fected with efficiencies approaching 10" 3 
(9, 17, 26, 27). However, J558L has the 
disadvantage that it continues to synthe- 
size its own X light chain; it has been 
impossible to isolate nonproducing vari- 
ants of J558L. Although some nonpro- 
ducing myelomas, such as SP2/0, have 
been transfected, the transfection fre- 
quencies are 10" 1 to 10" 2 of that seen 
with J558L. 
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this hybridoma into a cell line that 
thesized the TNP-specific heavy chain, 
but that had lost the ability to synthesize 
the TNP-specific light chain, resulted in 
the synthesis of a complete H2L: mole- 
cule with the ability to bind antigen. This 
TNP-specific IgM was secreted by the 
transfected cells, and the hemagglutina- 
tion titer of antibody to TNP (anti-TNP) 
in some transformants was comparable 
to that of the parental anti-TNP-produc- 
ing hybridoma. Conversely, by transfer- 
ring a u. heavy chain gene from an anti- 
TNP-specific myeloma into a light 
chain-producing variant of that myelo- 
ma, it was also possible to express a 
pemameric IgM molecule with anti-TNP 
activity. Simultaneous transfer of specif- 
ic light and heavy chains into a nonpro- 
ducing myeloma also resulted in the pro- 
duction of pentameric, antigen-binding 
antibody, although in this case the 
amount of antibody synthesized was less 
than that seen in the parental myeloma. 

Gene transfection can be used to iden- 
tify tissue-specific regulatory elements. 
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Expression of Transfected Genes 

It is necessary to prove that the pro- 
teins synthesized after gene transfection 
are the same as those synthesized in 
myeloma cell lines. When the MOPC-41 
k light chain was introduced into a cell 
line that had been transformed with 
Abelson murine leukemia virus, the cells 
directed the synthesis of a k chain that 
could assemble with the endogenous y 2 * 
heavy chain to produce molecules con- 
taining two heavy and two light chains 
(H 2 L 2 ) (8). The light chain produced 
after the transfection of the S107A k 
chain was identical, by two-dimensional 
gel analysis, to the S107A myeloma k 
chain (9). The S107A light chain is not 
secreted by light chain-producing vari- 
ants of this myeloma; a transfected 
S107A light chain was also not secreted 
when introduced into a myeloma that did 
not produce any heavy chain. However, 
when the SI 07 A k chain was introduced 
into a hybridoma cell line that synthe- 
sized a heavy chain, it assembled with 
the endogenous heavy chain to produce 
H 2 L 2 molecules; these H 2 L 2 molecules 
were secreted. 

By means of genes isolated from a 
trinitrophenyl (TNP)-binding hybrido- 
ma, the faithful expression of transfected 
genes with the retention of the original 
antigen-binding specificity was seen (20, 
28). Transfection of the light chain from 
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Fig. 2. Steps in production of chimeric Ig 
molecules. First, a chimeric gene containing 
the sequences of interest is ligated into an 
expression vector containing a selectable 
marker. Then, this vector is transfected into 
the appropriate recipient cell line, and stable 
transfectants synthesizing the genes of inter- 
est are identified; if vectors are used with 
independent selectable markers, transfectants 
synthesizing more than one novel chain can 
be isolated. Finally, the chimeric proteins are 
isolated either from tissue culture or from the 
ascitic fluid of tumor-bearing mice. 



A segment of DNA located between J4 
and the switch region in the major inter- 
vening sequence of a heavy chain gene is 
necessary for the expression of heavy 
chain genes transfected in lymphoid cells 
of the B lineage (77); this region does not 
influence the expression of Ig genes 
transfected into L cells {29). The location 
of this DNA segment 5' of the switch site 
guarantees that the segment will remain 
associated with the expressed variable 
region gene during isotype switching and 
is consistent with the segment having a 
regulatory role. However, cell lines have 
been reported in which deletion of this 
segment does not abolish heavy chain 
synthesis (30). Therefore, a question re- 
mains as to relationship between the 
sequences needed for the expression of 
transfected genes and those needed for 
the expression of endogenous genes. 

Controlling regions have been identi- 
fied in the major intervening sequence of 
k light chains. A mouse sequence lying 
approximately 600 base pairs 5' of C K 
enhanced production of k chain genes 
transfected into lymphoid cells (19, 31). 
Like the heavy chain controlling region, 
it does not function in nonlymphoid 
cells. This sequence corresponds to a 
DNA segment (32) that is highly con- 
served among rabbit, mouse, and man 
and that becomes sensitive to deoxyribo- 
nuclease when Ig is expressed (33). In 
addition, a second DNA segment from 
the 5' half of the k intervening sequence 
has been identified that facilitates 
expression of k genes transfected into 
mouse myeloma but not into hamster 
lymphoma cells (19, 34). 



Production of Novel Ig Molecules by 
Gene Transfection 

With the demonstration that transfect- 
ed Ig genes faithfully exhibited the ex- 
pected properties, it became possible to 
produce novel Ig molecules. These novel 
Ig's can be divided into two categories: 
(i) those synthesizing wild-type Ig chains 
but in a combination not normally ex- 
pressed and (ii) those synthesizing mole- 
cules with a novel gene structure that has 
been produced by recombinant DNA 
techniques (Table 1). 

Novel combinations of wild-type 
heavy and light chains. In vitro reassem- 
bly of Ig heavy and light chain polypep- 
tides has been used to create novel 
heavy-light chain combinations and to 
study chain interactions (35-37). This 
method, however, requires that the origi- 
nal interchain disulfide bonds in the Ig be 
broken and that heavy and light chains 
be separated in the presence of denatur- 
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ing agents- As a result, only 
percentage of the chains renature to pro- 
duce functional molecules (36). On the 
other hand, chain assembly between 
transfected gene products occurs within 
the cell by normal pathways of assem- 
bly. Because the assembled m lecules 
have never been subject d to a denatur- 
ing step, their structure and function 
should more accurately reflect those of 
native molecules. 

Experiments either with cell lines 
transformed by Abelson murine leuke- 
mia virus or with hybridomas have indi- 
cated that assembly can occur between 
the transfected and the endogenous Ig 
chains (Fig. 3) (8. 9), and this has been 
found to be generally true. When the -y^ 
heavy chain of the myeloma MPC-11 
was transfected into the X myeloma J558, 
it was expressed (Fig. 3, lane 3), assem- 
bled with the endogenous A. chain, and 
secreted as H^L^ molecules (Fig. 3, lane 
4). These novel molecules, in which the 
MPC-11 heavy chains are associated 
with A. light chains, have been useful in 
exploring the relative contribution of V H 
and V L to idiotypic determinants (38). 

Novel combinations of variable and 
constant regions. By means of standard 
recombinant DNA techniques, it is pos- 
sible to attach any variable region to any 
heavy chain constant region. The exis- 
tence of the large intervening sequence 
between the two regions (see Fig. 1) 
makes such joining easier. Because the 
reading frame does not have to be main- 
tained and the intervening sequence will 
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Fig. 3. Synthesis of Ig chains 

anti- human y antt-g m transfectomas. Cells were 
' 9 10 ' labeled with [ l *C]vaiine, 
[ M C]threonine. and [ u C]leu- 
cine for 3 hours, and cytoplas- 
™ * mic lysates and secreted mate- 
rial were immunoprecipitated 
£t~~ with the antibodies shown at 

^'1. -,. ." the top of the figure. (Lanes 1 
r and 2) J558L; (lanes 3 and 4) 

:■ V .* J558L containing a transfect- 
: ' cd MPC-Il -y 2b heavy chain; 

.an . (lanes 5 and 6) J558L contain- 

_ _ ing a chimeric mouse-human 

" r^vj' k -. -'^V^' - heavy chain; (lanes 7 and 8) 

nonproducing myeloma cells 
containing a chimeric mouse- 
human heavy chain; and (lanes 9 and 10) V H C„ in light chair>-producing variant of anti- 
phosphocholine myeloma S107. Lanes 1, 3. 5, 7, and 9 represent cytoplasmic extracts; lanes 2, 
4, 6, 8, and 10 represent secreted material. 




be removed by splicing, many different 
joints will lead to functional molecules. 
This approach can be used to produce 
isotype switch variants of mouse hybrid- 
oma proteins. 

Another family of molecules can be 
created in which the variable regions 
from the heavy and light chains of a 
mouse myeloma are joined to human 
constant regions (Fig. 2). These mole- 
cules have the antigen-binding specific- 
ity of the mouse hybridoma, but they 
should exhibit the effector function asso- 
ciated with the human constant regions 
and should be less antigenic in humans 
than are totally mouse antibodies. 

Initially, the variable region from the 
heavy chain of the anti-phosphocholine 
myeloma S107 was joined to either hu- 



man 71 or 72 heavy chain (21). After 
transfection into J558L, the chimeric 
gene was expressed (Fig. 3, lane 5), the 
chimeric heavy chain was assembled 
with the endogenous X. chain, and H 2 L 2 
molecules were secreted. The chimeric 
heavy chain was also expressed by my- 
eloma cells not synthesizing any light 
chains (nonproducing) (Fig. 3, lane 7); 
however, these heavy chains were not 
secreted (Fig. 3. lane 8). 

Subsequently, the antigen-specific 
light chain of SI 07 was joined to human 
C„ and ligated into the pSV2neo vector, 
and transfectants synthesizing both chi- 
meric heavy and light chains were identi- 
fied (27). The chimeric heavy and light 
chains of the expected molecular weight 
were assembled and secreted as H 2 L Z 



Table I. Creation of novel molecules by gene transfecuon. 



Genes used for transfection 



Objective 



Potential uses 



Wild-type heavy or light chains (or both) 



V H attached to new C H: 
V L attached to new C u 



V H attached to C L ; 
V L attached to C H 



V H or Vi_ attached to a non-Ig sequence 



Wild-Type Ig chains 
To create new heavy and light chain 
combinations, both within a species and 
between species 



Novel Ig chains 
To create chains with the same variable 
region associated with a new isotype 



To create chains with a variable region 
attached to an isotype with which it is 
never associated in vivo 



To create fusion proteins 



Explore the nature of heavy and light 
chain interactions 

Define the relative contributions of each 
chain to idioiype expression and antigen- 
binding specificity 

Determine if all chain combinations and 
thus combinational diversity are 
possible 

Produce isotype switch variants within one 
species 

Create cross-species chimerics, with a 
variable region from one species and a 
constant region from another 

Evaluate contributions of constant regions 
to functions 

Create molecules with altered effector 
functions 

Attach antibody specificity to enzymes for 
use in assays 

Isolate non-Ig proteins by antigen columns 

Specifically deliver toxic agents 
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molecules. Comparison of th^pparent 
molecular weights of heavy chains syn- 
thesized in the presence and absence of 
tunicamycin showed that the mouse my- 
eloma cell attaches N-linked carbohy- 
drate to the human heavy chain. The 
chimeric H 2 L 2 molecules bound the anti- 
gen phosphoch line and were recog- 
nized both by monoclonal antibodies 
specific for human k chain antibodies 
and by monoclonal antibodies specific 
for the idiotype prepared against the 
mouse myeloma protein. The cells from 
the transfectoma produced an ascites 
after being injected into a mouse, and the 
chimeric proteins were found to be pres- 
ent in the ascitic fluid. 

Chimeric human-mouse molecules 
have also been produced in which the 
variable regions of the heavy and light 
chains from an anti-TNP mouse myelo- 
ma were linked to human \l and k genes, 
respectively, and were transfected into 
myeloma cells (22). The chimeric genes 
were expressed and assembled such that 
pentameric IgM was present in the secre- 
tions; however, both the chimeric u. and 
k chains migrated more slowly than was 
expected on gels containing sodium do- 
decyi sulfate. There was no significant 
difference in affinity for TNP between 
the mouse and the chimeric IgM's. The 
chimeric IgM t however, was about one- 
fourth as effective as the mouse IgM in 
hemolysis of TNP-coupled sheep red 
biood cells and showed a displaced bind- 
ing curve in hapten inhibition assays. 
The molecular basis for these apparent 
binding differences remains unclear. 

Another chimeric molecule has been 
produced in which a heavy chain with 
the variable region of a mouse antibody 
to 4-hydroxy-3-nitro-phenacetyl (NP) 
was joined to human € heavy chain (27). 
This fused segment was transfected into 
the J558L cell line, which synthesizes a 
mouse X light chain identical to that used 
by mouse antibody to NP. The J558L X 
chain assembled with the chimeric heavy 
chain to produce H2L2 molecules, which 
were secreted and, like human e, were 
heavily glycosylated. The chimeric IgE 
bound NP efficiently and, when the chi- 
meric antibodies were bound to the ap- 
propriate receptors on human basophils, 
antigen was able to stimulate a dose- 
dependent release of histamine. 

Variable regions can also be placed on 
constant regions with which they would 
not normally be associated. When the 
V H from an anti-azophenylarsonate hy- 
bridoma was joined to mouse C« and 
introduced into a mouse myeloma cell, a 
25.000-dalton chimeric protein was pro- 
duced (59). When the chimeric V H -C K 
gene was transfected into a light chain- 
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producing variant of the anti-azophe 
arsenate hybridoma from which the gene 
was isolated, the V„-C K protein was syn- 
thesized and assembled with the endoge- 
nous V L -C^ to yield a secreted light 
chain heterodimer that bound antigen 
with the same affinity as the original 
H : L 2 hybridoma protein. The light chain 
heterodimer represents, in essence, an 
antibody-combining site with no associ- 
ated effector functions, as light chains by 
themselves have no known effector func- 
tion. In a second case in which V H from 
the S107 myeloma was joined to Ck and 
introduced in a light chain-producing 
variant of SI 07, a 25,000-dalton chimeric 
protein was produced, but heterodimers 
were not secreted (Fig. 3, lanes 9 and 
10). 

The V H from a human myeloma can be 
joined to mouse C K {40). Although this 
human-mouse chimeric protein was pro- 
duced, it did not assemble with the en- 
dogenous X light chain of the recipient 
mouse myeloma and remained cytoplas- 
mic. These experiments demonstrated 
that the human heavy chain promoter 
can function in mouse myelomas. Addi- 
tional studies have shown that the hu- 
man tight chain promoter also can func- 
tion in mouse myeloma ceLls (25). It is 
thus possible to consider using gene 
transfection techniques for gene rescue; 
that is, genes could be cloned from hu- 
man myelomas or lymphoblastoid lines 
where they are expressed at low levels 
and then introduced by gene transfection 
into mouse myeloma lines. These initial 
studies suggest that such transfected 
genes will effectively function to produce 
high levels of protein. 

Gene transfection has also been used 
to create cell lines synthesizing F(ab') 2 - 
like antibody (26). [F(ab') 2 is two Fab's 
joined by disulfide bonds (see Fig. 1)]. A 
chimeric gene was constructed in which 
the variable region of a mouse NP-bind- 
ing heavy chain was joined to the C H 1 
and hinge regions of mouse y 2 b- The fifth 
exon from the o heavy chain provided 
translation termination and polyadenyla- 
tion signals at the end of the heavy chain. 
This chimeric gene was transfected into 
\ r producing J558L cells; the \ t light 
chain associated with the NP-specific 
heavy chains to produce an antigen-bind- 
ing protein that could be isolated from 
culture supernatants of transfected cells. 
The protein had a molecular weight of 
approximately 110,000 daltons and, on 
reduction, yielded one band that comi- 
grated with X light chain and several 
other bands of higher molecular weight; 
the predominant species was approxi- 
mately 31,000 daltons in size. It thus 
appeared that an F(ab')2-like antibody to 



NP was synthesized and secreted in *S 
large quantities. . ijj 

Chimeric molecules with Ig sequences . 4 
joined to non-Ig sequences. Finally, chi- * 
meric molecules can be produced in 
which Ig and non-lg sequences are 
joined. The gene for Staphylococcus au- 
reus nuclease was inserted into the C H 2 
exon of a mouse -y 2 heavy chain specific 
for NP, and the construction was trans- 
fected into J558L cells (26). The chimeric 
heavy chain was produced and assem- 
bled with the X light chain to form an NP- 
binding protein. Molecules of the appro- 
priate size to be H 2 L 2 were isolated from 
the secretions; these molecules bound 
the antigen NP and also had nuclease 
activity that, like the activity of authen- 
tic 5. aureus nuclease, was dependent on 
Ca 2 * but not Mg 2+ ions. On a molar 
basis, the catalytic activity of the con- 
structed nuclease was about 10 percent 
of that of authentic 5. aureus nuclease. 
Similarly, in another study, the C H 2 and 
C H 3 domains of the heavy chain were 
replaced with the third exon of c-mve. 
After transfection into J558L cells, a 
secreted protein was produced that re- 
tained its ability to bind antigen and that 
was recognized by a monoclonal anti- 
body to c-myc. These molecules show 
the feasibility of making unique combi- 
nations of antibody and protein functions 
that are secreted in large quantities by 
myeloma cells and retain their ability to 
bind antigen; hence, they can be rapidly 
purified on antigen columns. 



Expression of Ig Genes in 
Nonlymphoid Cells 

Expression of Ig genes and synthesis 
of Ig molecules in bacteria provide an 
alternative to expression in lymphoid 
cells. Bacteria have been used to make 
fragments of € heavy chain that were at 
least partially biologically active in that 
they bound to the IgE receptor on baso- - 
phils {41-43). However, heavy chains, 
light chains, and light chain fragments i 
made in bacteria became insoluble com- 
ponents of inclusion bodies (42-44) 
er than functionally intact 
Assembly did not occur even when 
forts were made to promote heavy and 
light chain assembly by including them 
within the same bacterium on two differ- 
ent plasmids. Antigen-binding Ig mole- 
cules that bound antigen could be pro- 
duced only by in vitro assembly and at 
very low yields in .iUwition. bacterid 

have the inherent limitation that they 
not glycosylate proteins; therefore, any 
biologic function, oi" h:'s ih:\i depend s o:> 
carbohydrate would be missing. 
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Yeast can glycosylate proteins 

hence may be preferred over bacteria for 
lg expression. Recently, the synthesis in 
yeast of both X light chains and ^ heavy 
chains has been reported (45); a portion 
of the u. chains was jV- glycosylated. 
Both the X and m- chains were secreted, 
and, when ^ and X chains were ex- 
pressed together, some assembly into 
antibody molecules that bound antigen 
occurred. However, the specific activity 
of antibody molecules isolated from a 
soluble extract of yeast cells was only 
about 0.5 percent, indicating that the 
efficiency of heavy and light chain as- 
sembly into functional molecules was 
low. 



Future Perspectives and Applications 



The initial experiments demonstrated 
the feasibility of producing novel Ig mol- 
ecules by gene transfection. Myeloma 
cells appear to be the best recipient for 
the lg genes because the transfected Ig 
genes are faithfully transcribed, translat- 
ed, and glycosylated In them. The anti- 
body components are synthesized in 
large amounts and can be assembled 
either with endogenous Ig chains or with 
other transfected chains to produce func- 
tional molecules. Nohlymphoid cells 
synthesize only small amounts of Ig, and 
both bacteria and yeast have proved to 
be inefficient in assembling functional Ig 
molecules. 

Chimeric Ig molecules should provide 
a new family of reagents of wide poten- 
tial application. Changing the Fc portion 
of the Ig can alter its ability to bind 
staphylococcal protein A, to be multiva- 
lent, or to fix complement and, there- 
fore, would affect the usefulness of the Ig 
for many in vitro assays. Molecules with 
increased or decreased binding affinity 
can be useful in creating detection assays 
that have different levels of sensitivity 
and stringency. 

The ability to produce antibody-pro- 
tein chimeras permits the construction of 
a molecule with the Fab of an Ig mole- 
cule covalently bound to a non-Ig pro- 
tein. When the Fab is bound to an en- 
zyme, the binding of the Fab to its anti- 
gen can be detected by addition of the 
appropriate substrate. If the Fab is 
bound to a toxin, it can potentially be 
used as a specific cytotoxic agent. In 
addition, chimeric Ig molecules can 
function to facilitate protein isolation in 
that the non-Ig protein attached to a 
functional antibody-combining site can 
be purified on an antigen column. 

In vitro mutagenesis may provide an 
additional way to generate molecules of 

20 SEPTEMBER 1985 



altered function. It should be possible to 
generate molecules lacking only one spe- 
cific effector function, with the remain- 
der of the molecule intact; to eliminate or 
generate glycosylation sites; and through 
small changes in the variable region, to 
increase or decrease affinity for antigen. 
In turn, analysis of the exact structure of 
the mutated region is expected to reveal 
those areas of the Ig molecules required 
for effector function or antigen binding. 

Human antibodies would clearly be 
optimal for use in man, but it has been 
difficult to produce human hybridoma 
that synthesize large quantities of anti- 
bodies with the desired specificities. 
Mouse antibodies have been used in trial 
studies for the treatment of certain hu- 
man diseases. However, on continued 
use. they frequently elicit an immune 
response that renders them noneffective 

(46) . Chimeric molecules may help solve 
this problem because molecules in which 
only the variable region is of nonhuman 
origin should be much less antigenic than 
completely foreign molecules. Chimeric 
molecules may prove useful in antibody- 
mediated cancer therapy and in the treat- 
ment of certain autoimmune diseases 

(47) . 

Even in the diagnosis or treatment of 
diseases in which chronic exposure to 
the treatment agent is not necessary (re- 
sulting in fewer anticipated problems 
with the agent's antigenicity), the use of 
chimeric molecules would appear to be 
preferable to the use of totally foreign Ig. 
Such chimeric antibodies are potentially 
useful, for example, for the treatment of 
immunosuppressed individuals who are 
subject to fatal viremias and of nonim- 
munized individuals exposed to tetanus 
who would be treated with horse antitox- 
in. Use of chimeric molecules also pro- 
vides a choice of Ig's with the desired 
effector functions; alternatively, if no 
effector function is wanted, use of light 
chain heterodimers of IgA or Fab-type 
molecules should permit antigen clearing 
without complement activation. The ap- 
plication of these molecules to many 
clinical problems should be quite re- 
warding. 
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ABSTRACT Human antithrombin IH cDNA «u cloned 
Into an expression vector suitable for transient expression in 
COS cells. Upon transfection COS cells secreted s single 
Immunoreactive 58-kD* protein. Quantitation of secretion 
levels by ELISA Indicated that at 44 hr potttranifrrtkm celli 
were secreting 48 * 5 ng of antithrombin m per 10* cefls per 
24 hr. Heparin-agarose chromatography resulted In the ehrtkra 
of the COS-derivcd protein as a broad band between 0.3 and 
1.0 M NaCl. ^S-Ubeled medium from tranafected cells reacted 
wttb human thrombin (1.5 ng/ ml) In the absence of heparin. In 
4Qmin, >SQ% of the mmnmor«active materhd was found as a 
hl fl w nKdecnlar weight spedes. conslitent with stoichiometric 
coralent complex formation. In a two-^tage chromogenlc 
thrombin mactfeBtkm assay, under pseudo-fb^t-order eoadl- 
ttons, at 14 nM antithronibm HI the l 1 / 3 ws^74inmand50min 
for plasma and COS ccD-derived anttthnanmn m, respective- 
ly, m the absence of heparin. In the presence of 17.4 nM 
high-affinity heparin, the fj/> was 5.2 mm and 1.2 min, 
pesp ec tiyelyt 

Antithrombin m ( AT-m) is one of the primary inhibitors of 
hemostasis (l-3)« It is a plasma glycoprotein of 432 residues 
and four N-linked carbohydrate moieties comprising 9% of 
the molecule by weight (1, 4-7). AT-m forms a stoichiomet- 
ric covaient complex with all the serine proteases of the 
intrinsic coagulation pathway, including factors Xn» (8), XL 
(9), IX* (3), X. (3), and thrombin (10). This complex forma- 
tion has been shown to take place in a two-step process, 
presumably through an acyl enzyme intennediatc (11). A 
unique feature of ATHI is that the rate of protease inacti. 
vation is greatly accelerated by heparin. It has been shown 
that there are distinct binding domains on both heparin and 
AT-1H required for activation (12-15) and that heparin 
induces a conformational change in the inhibitor, detectable 
by intrinsic fluorescence enhancement and circular dichro- 
ism (16, 17), responsible for increasing the affinity of the 
inhibitor for the protease by nearly 3 orders of magnitude 
(11). 

Human AT-IH (hAT-IID has been almost completely 
sequenced by protein sequencing methods (4), and three 
groups have cloned and sequenced the human cDNA (5-7). 
The protein is a member of a superf&mily with considerable 
homology to arproteinase inhibitor and ovalbumin (7, 18, 
19). Recently, sequence similarity has been found to thyrox- 
in-binding protein (20) and a 38-kDa protein from cowpox 
virus (21). hAT-III is synthesized primarily in the liver, with 
smaller amounts producod in kidney and vascular endothelial 
cells (22, 23). Functionally active hAT-III is secreted in large 
quantities by the human hepatoma line Hep-G2 (23). Bock et 
ol. have expressed an antigenicaUy reactive polypeptide in 
Escherichia coti (5). Prochownik and Orkin reported the 
appearance of mRNA in COS and mouse C127 cells trans- 
acted with a "minigene" construct (24). However, no 
synthetic protein was detected. Here we report the expres- 
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sion and secretion of an antigenicaUy reactive protein that is 
functionally active by three criteria: ability to bind heparin, 
formation of a stable complex with thrombin* and enhance- 
ment of thrombin inactivation rate by heparin. 

MATERIALS AND METHODS 

Enzymes. Restriction endonucleases, T4 DNA polymer- 
ase, and T4 DNA ligase were purchased from Boehringer 
Mannheim. All enzymes were used under conditions stipu- 
lated by the manufacturer. Human thrombin, 99% active as 
determined by active-site titration, was a generous gift of 
J. W. Fenton II (New York State Department of Health, 
Albany, NY). § ^ . _ 

Heparin-Agarose. Crude porcine mucosal heparin (Dio- 
synth) was purified by repeated cctylpyridinium chloride 
precipitation (25) and attached to CNBr-activated Sepharose 
4B (Pharmacia) at pH 10.5 by the method of Porath (26). 

hAT-m. hAT-m was prepared in homogeneous form by 
chromatography on heparin-Sepharosc and DEAE-cdlulosc 
(9, 27). The protein was determined spcctrophotometrkally 
at 280 oin using E l% per cm of 6.5 (28). 

hAT-m Agarose. Highly purified hAT-III was attached to 
CNBr-activated Sepharose-4B as described above at pH 7.5 
to a concentration of 3 mg per ml of packed gel. 

ELISA. Ooat anti-hAT-lH IgO was purified from antiserum 
(Atlantic Antibodies, Westbrook, ME) by sodium sulfate 
precipitation and DE*52 chromatography (29). Up to 40 tug of 
the IgO fraction was applied to a 5-ml hAT-III-agarose 
column equilibrated with 0.01 M NaP if pH 7.5/0.5 M NaCl, 
The column was washed with the same buffer until baseline 
A2S0 was reached, followed by ehition with 0.1 M glycine 
hydrochloride (pH 2.5). Fractions were collected into tubes 
containing 2 vol of 1.0 M NaPi (pH 8.0). Those containing 
specific IgO were pooled, diaiyzed at 4°C into NaCl/Pi, and 
concentrated. The column was immediately returned to its 
equilibration buffer. The crude IgG contained 10-12% anti- 
hAT-m-specific antibodies. Two milligrams of the specific 
IgG underwent reaction for 16 hr at 4"C with 4 mg of 
horseradish peroxidase (Sigma) previously activated by ver- 
night incubation with 1.25% glutaraldehyde (30). Enzyme 
conjugate was diaiyzed into NaCl/Pi/50% (vol/vol) glycerol 
and stored at ~20°C. 

ELISA was performed by standard procedures. Coat 
anti-hAT-III IgG was applied to each well of a 96-well 
microtitcr plate (Nunclon; Scientific Resource Associates, 
BellcYuc, WA) at 1 m*7 ml for 16 hr followed by at least a 3-hr 
block with bovine serum albumin (0.5 mg/mQ/ovslbumin 
(0.5 mg/ml).*After the initial antibody attachment, all steps 
except the color reaction were carried out in NaCl/Pt/0.5% 
Tween 20. After blocking, antigen standards or samples were 
added and incubated from 1 to 16 hr, followed by extensive 
washing. A predetermined 1:50.000 dilution of anti-hAT-III. 
peroxidase conjugate was incubated for 1-3 hr, again fol- 
lowed by extensive washing. o-Phenylenediamino (20 Mg/ml) 

Abbreviations: AT-1II, antithrombin 1U; hAT-III, human antithrom- 
bin III; SV40, simian virus 40. 
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(Sigma) containing 0.006% hydrogen peroxide was used as 
the substrate. The reaction was quenched after 15 min with 

2 M H2SO4. Am was read in an automated plate reader 
[Dynaiech (Alexandria, VA), MR600). The standard plot was 
linear from 10 to 500 pg of antigen per ml. 

Immunoblot Transfer Analysis. NaDodS0 4 /7% polyacryi- 
amide gels were clectrotransferrcd onto Nylon sheets (ICS) 
at 1 A for 1.5 hr. Bands were visualized using the Promega 
Biotec (Madison, WI) gtll system (Protoblot) substituting 
the anti-0-gaIacioiidase-antibody conjugate with goat anti- 
hAT-III-alkaline phosphatase conjugate (Atlantic Antibod- 
ies) at a 1:1000 dilution. 

Construction of pAd-AT-III. The mammalian expression 
vector was derived from pQ3 [p91023, through the courtesy 
of R. Kaufman, Genetics Institute, Boston (31)]. pMLAd 
contains the EcoRl/Sal I fragment of pQ3 including the 
adenovirus-associated (VA) genes [shown to enhance the 
translation*! efficiency of viral as well as nonviral mRNAs in 
a transient expression assay (32)], the simian virus 40 (SV40) 
origin of replication and enhancer elements, the adenovirus 
major late promoter, and the tripartite leader sequences with 
a 5' and 3' splice site derived from an immunoglobulin gene. 
It does not contain the difaydrofolate reductase cDNA, the 
tetracycline-resisiance gene, or the E. coli origin of replica- 
tion of pQ3. Instead, the latter two are replaced by the 
ampicillin-resUtance gene and origin of replication from pML 
[kindly provided by M. Botchan, University of California, 
Berkel y (33)]. This modified expression vector has been 
used extensively in our laboratory and shows increased 
prokaryotic transformation efficiency compared to the parent 
plasmid while maintaining comparable eukaryotic transfer- 
ability. 

pH.ATffi, generously provided by S. Woo (Baylor Uni- 
versity, Houston), contains the completely sequenced hAT- 
III cDNA, including the signal sequence, in a pBR322 
background (6). The 1.5-lcflobaae cDNA was removed by Mst 
1/Psf I digestion and directionally inserted into the polyQnker 
of pSP65 (Bcthesda Research Laboratories) opened at 
HincUfPst I sites. The hepatitis B surface antigen poly- 
adcnylylation signal sequences (nucleotides 1809-1991) were 
subcloned into the Pit I (blunt-ended with T4 polymerase) 
and HSndm sites of pSP-AT*IU. The newly formed plasmid 
was linearized with /ftndm, blunt-ended as before, and 
£coRI linkers were added. This fragment with EcoRl Linkers, 
which contains the hAT-HI cDN A and the poly(A) signal of 
hepatitis B surface antigen, was cloned into the unique EcoKl 
site of pMLAd to produce pAd-AT-m (Fig. 1). Correct 
orientation and confirmation of Intact cDNA was determined 
by diagnostic restriction digestions. 

Cell Culture and Transaction. COS cells were grown in 
Dulbecco's minimal essential medium (GIBCO) supplement- 
ed with 7% calf scrum containing penicillin and streptomycin. 
COS cells were transfected at 40% confluency with 1-2 jig of 
supercoiled plasmid DNA (twice purified by CsCl ultracen- 
trihigation) per 100-mm plate, by the method of Luthman and 
Magnusson (34) using DEAE-dextran/chioroquine. 

Protein Analysis and Purification. COS cells were radiola- 
beled with 150-200 /iCi of ["SJmethioninc (800 Ci/mmol; 1 
Ci = 37 GBq; Trans label, ICN) per 2.5 ml of serum-free 
medium. Cells (44 hr posttransfection) were starved for 
methionine for 30 min followed by addition of radiolabel. 
After 3 hr, media were brought to normal methionine con- 
centration with unlabeled amino acid. Media were harvested 

3 hr later and brought to 1 mM diisopropylphosphorofluori- ' 
date (Sigma), clarified by centrifUgation at 12,000 x g for 10 
min, and concentrated 10- to 100-fold over an Amicon PM-30 
membrane. Immunoprecipitation was performed by addition 
of 1% rabbit anti-hAT-III antiserum (Calbiochem or a gift of 
William Hathaway, Department of Pediatrics, University of 
Colorado) for 16 hr followed by additi n of formalin-fixed 



protein A-positive Staphylococcus aureus at a predetermined 
dilution, typically 10- to 20-fold over antiserum volume. After 
1 hr at 25°C, the bacterial pellet was washed three times with 
RIPA buffer (0.1 M NaCl/0.05 M Tris-HCl, pH 7.5/1% 
Nonidet P-40/1% deoxycholate) and boiled in phosphate- 
buffered NaDodS0 4 reducing sample solution. Alternatively, 
medium was precipitated with 20% trichloroacetic acid and 
the precipitate was washed with cold ethanol/ether (1 : 1) prior 
to boiling in NaDodS0 4 -containing sample buffer for gel 
electrophoresis or applied directly to a heparin-agarose 
column. 

AT-XTI Activity Assay. The ability of hAT-111 to inactivate 
thrombin was assayed in a two-stage assay using the chro- 
mogenic thrombin substrate S-2238 (D-phenylalanylpipecoi- 
ylat^inyl-p-nitroanilitfe) (Kabi-Vitrum). Thrombin, diluted in 
0.15 M NaCl/0.1% PEG 6000, was added to a concentration 
of 1.4 nM to a 16 nM solution in NaCl/P t of purified h AT-III 
derived from either plasma or medium from transfected COS 
cells. Reactions contained either 17.6 nM low molecular 
weight affinity-fractionated heparin (a gift of S. Olson, Henry 
Ford Hospital. Detroit) or Polybrene (5 M8/ml) (Aldrich). At 
various times 50-jd aliquots were removed and added to 1.0 
ml of S-2238 (300 Mg/miyPolybrcne (50 ^g/ml). The rate of 
p-nhroaniline formation was monitored on a Gilford record- 
ing spectrophotometer. 

RESULTS 

Expression of hAT-IIL The construction of the expression 
vector pAd-AT-m is shown in Fig. 1. In vector p Ad- AT-III, 
the AT.in cDNA is under the transcriptional control ele- 
ments of the adenovirus major late promoter, the SV40 
enhancer sequences and the hepatitis B surface antigen 
polyadenylylation signal. COS cells are derived from the 
green monkey kidney cell line CV-1 constitutively expressing 
SV40 large tumor antigen. Transfected vectors containing a 
SV40 origin of replication are able to replicate efficiently, 
resulting in an amplification of cDNA template to drive 
transcription. Initially, COS cells were transiently transfect- 
ed with plasmid pAd-AT-in and the parent plasmid pMLAd. 
Culture medium was inununoprecipitated and analyzed by 
NaDodS0 4 /PAGE (36). A 58 kDa protein clearly appeared 
from pAd-AT-IU-transfected COS cells (Fig. 2, lane 2). No 
corresponding band appeared in samples from culture medi- 
um of pMLAd-transfected cells (lane 1). This protein comi- 

SV» on 




F10. 1. Construction of expression vector pAd-AT-III (see Ma- 
terials and Methods and rcf. 35). AdMLP, adenovirus major late 
promoter; T. tripartite leader; Intron, flrit intron of mouse immu- 
noglobulin gene with 5' and 3' splice iitet; SV-Ori. SV-40 origin or 
replication and enhancer; VA, adenovirus VA gene; Amp', ampicil- 
lin-reiistance gene within pML; R. EcoKl wtc; S, Sat I Kite; kb, 
kilobasca. 
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Fig. 2. NaDodS0 4 /PAGE analysis of hAT-IU gene expression in COS cells. (A) Immunoprecipiiation of culture medium of ("Slmethionlne- 
labeled COS cells transfected with pMLAd (lane 1) and with pAd-AT-UI (lane 2). Hcparin-Sepharote chromatography of "S-labcfcd culture 
medium transacted with either pMLAd (lanes 3, 5,7, and 9). or pAd- AT-III (lanes 2, 4 , 6, 8, and 10). Medium after heparin-Sepharose absorption 
(lanca 3 and 4); elution from heparin-Sepharose with 0.01 M Trii-HCl, pH 8.1/0.15 M NaQ (lanes 5 and 6); 0.3 M NaQ (lanes 7 and 8); 1.4 M 
NaQ (lanes 9 and 10). Lanes 3-10 are from trichloroacetic add precipitates, not immunoprecipitates. (B) Immune-precipitation of medium from 
u $4abeled COS/pAd-AT-m (lane 4); medium reacted with thrombin (1.5 AS/tnl) at 37"C for 0 min (lane 1) or 40 min (lane 3) . Lane 2 represents 
a 1:1 mixture of lane 1 and lane 3. 





grated with plasma-derived AT-in (data not shown). An 
unidentified high molecular weight doublet was often detect- 
ed near the origin. Much longer exposure failed to reveal any 
bands in the control, indicating that COS cells synthesize 
undetectable amounts of immunocrossreactive protein* 

COS cells were labeled and cell lysates were nramincri by 
immunoprccipitation (data not shown). Gel electrophoresis 
indicated that a 46-kDa protein waB precipitated in the lysates 
within 1 hr and that a considerable amount of this presumably 
unglycosylated hAT-ITI remained after 3 hr of labeling. This 
is consistent with a previous report (5) dealing with AT-IU 
expression in a prokaryotic system. In addition, a 3-hr chase 
with unlabeled methionine completely removed this species 
with the concomitant increase of the larger 58-kDa protein 
seen in the medium. 

For quantitation of AT-in expression and secretion, un- 
labeled transfected media were obtained by aspiration from 
cells at 44 hr posttransfection t washing cells three times with 
Tris-bufTered saline, and cuhuring the cells in scrum-free 
Dulbecco's minimal essential medium. At various times, 
media were harvested as described above. Media from three 
independent transections assayed by ELISA indicated that 
under these conditions cells were secreting 48 ± 5 ng of 
hAT-III per 10° cells per 24 hr. 

The protein was then examined for functional activity. 
3 *S-labeled media from three plates of COS cells transfected 
in parallel with either pAd-AT-III or its parent pMLAd were 
admixed with 1 ml of heparin-agarose equilibrated in Tris- 
bufTered saline. The slurry was held at 25°C for 45 min and 
loaded into a small column. The heparin-agarose was washed 
with 10 ml of Tris-buffered saline (0,15 M salt) followed by 
tw 1-ml washes of 0.3 M NaQ and two 1-ml washes of 1.4 
M NaCl (these salt solutions were each buffered to pH 7.5 
with 0.01 M Tris-HCl). Flow-through 0.15, 0.3, and 1.4 M 
NaQ cuts of both pAd- AT-III and pMLAd were precipitated 
with trichloroacetic acid and subjected to 10% NaDodSO*/ 
PAGE analysis. As shown in Fig. 2, the distinctive 58-kDa 
protein is absent in all pMLAd lanes (lanes 3. 5, 7, and 9). It 
is also absent in lanes 4 and 6, representing pAd-AT-III 
How-through and 0.15 M NaCl salt cuts, respectively. A small 
amount of AT-III is observed in the 0.3 M cut (lane 8), while 
the bulk of the protein elutes in the high-salt cut (lane 10). 
This experiment clearly shows that there is a protein pro- 



duced specifically in the pAd-AT-III-transfected cells that 
comigrates with fully glycosylated hAT-III from plasma. 
Moreover, this material binds heparin and is eluted from an 
affinity column at >0.3 M NaCl. 

To further investigate this phenomenon; forty 100- mm 
plates of COS cells were transfected with pAd- AT-III. Forty 
hours posttransfection cells were washed three times with 
Tris saline and overlaid with 8 ml of Dulbecco's minimal 
essential medium per plate without calf serum. This medium 
was harvested 48 hr later (96 hr posttransfection) and con- 
centrated 10-fbld on an Amicon PM-30 membrane. Concen- 
trate was applied to a 5-ml heparin-agarose column equili- 
brated with 0.02 M NaP0 4 , pH 7.5/0.05 M NaQ. hAT-III was 
eluted over 12 hr with a linear 40-ml gradient from 0.05 to 1.0 
M NaQ (pH 7.5). Fractions were diluted and assayed by 
ELISA (Fig. 3). The immunoactive protein cluting at >0.7 M 
NaQ was pooled, concentrated, dialyzed into NaQ/Fi, and 
subjected to immunoblot analysis (Fig. 3 Inset). hAT*III 
elutes as a broad band on heparin-agarose compared to 
plasma-derived hAT-IU, indicating heterogeneity with re- 
spect to heparin binding. The majority of the inhibitor elutes 
at >0_7 M NaQ. By immunoblot analysis, a single band U 
observed on NaDodSO^PAGE and comigrates with plasma- 
derived hAT-III. 

Transfected COS cell-derived hAT-III was then investi- 
gated: for its ability to form a stable complex with thrombin. 
To this end, "S*- labeled medium underwent reaction with 1.5 
jig of thrombin per ml in the absence of heparin for 0 and 60 
min. Reactions were quenched by addition of benzamidine 
hydrochloride to 10 mM and diisopropylphosphorofluoridate 
to 1 mM. Samples were immunoprccipitated and fractionated 
by Wcber-Osborn NaDodS0 4 /PAGE (37). In Fig. 2JJ, lanes 
1 and 3 represent the 0- and 60- min time points, respectively. 
Lane 2 is a 1:1 mixture of the samples from lanes 1 and 3, 
while lane 4 is a control in the absence of thrombin. This 
experiment indicates that heterologously produced hAT-III 
is capable of forming a covalent bond stoichiometrically with 
thrombin. Gels were run with more time points, indicating 
that the complex formation was time dependent and accel- 
erated by heparin (data not shown). Quantitation in these 
studies was complicated in that, for the reaction to occur 
under psoudo-first-order conditi ns, excess thrombin over 
AT-III had to be used. Under such conditions, modification 
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Ft . 3. Heparin-Sepharose chromatography of medium from COS/pAd-AT-m. Serum-free medium from forty 100-mm plates, applied 40 
hr posttranif action and harvested at 96 hr poittransfeetioh, wag applied to a 5-ml hcparin-Sepharose column. Linear gradient elution was from 
0*05 M Nad to .1:0 M Nad ( — ), in 0X2 M NaP0 4 CpH 7.5). Data from EI .ISA (in pg/ml). o, Am from plasma-derived hAT-UI (control). 
Onset) Lane a. immunoblot analysis of pooled fraction* 48-68 (bar); lane b, 250 ng of standard hAT-III; lane c, 2.5 jig of standard hAT-UI. 

50 nan for plasma and COS-derived hAT-III, respectively* 
When a 1,1:1 molar equivalent of hlgh-aflinity heparin with 
respect to AT-III is added, the rate of thrombin inactivation 
is greatly increased. The fi/JLn this instance is 5.2 and 2.2 min 
for the two preparations, This represents a 14- and 23-fold 
enhancement of the thrombin inactivation rate in the pres- 
ence, of heparin for the plasma and COS-derived hAT*III, 
respectively. Although this rate enhancement is lower than 
previously reported by a factor of 6 (11), within our system 
the rates of inactivation of plasma and COS-derived hAT-III 
are comparable in both the absence and presence of heparin. 
The slower rates of inactivation by plasma-derived AT-m 
cafe be explained by an underestimation of the concentration 
of COS-derived AT-m in the EUSA. 

DISCUSSION 

In this study, we report on the synthesis of hAT-III in COS 
cells tiansfected with the cDNA for the inhibitor. Expression 
was achieved by the use of the expression vector pMLAd, 
which has the eukaryottc replication and transcription con- 
trolling sequences from pQ3 and the prokaryotic replication 
and drug-resistance sequences from pML. With this hybrid 
vector, we have achieved a high level of AT- II I expression in 
a transient scheme* The hAT-III produced is secreted into the 
medium and appears, by molecular weight, to have its 
carbohydrate moieties intact. Moreover, its comigration with 
plasma-derived AT-III suggests that the 32-residue signal 
peptide (6) has been removed. The protein appears in cells 44 
hr pbsttransfection within 1 hr of labeling and is intracellu- 
lar^ turned over within 3 hr. Hep-G2 cells secrete AT-III in 
quantities that may be estimated from the data of Fair and 
Bahnak (23) at ~300 hg per 10 6 cells per 24 nr. The 
pAd-AT-in-transfccted ceils in the present study produce 
AT-m at a rate of 50 ng per 10 6 cells per 24 hr. This rate is 
constant between 44 and 92 hr posttransfection and would 
suggest that the transfection efficiency attained is of the order 
of 15-20%. Secreted hAT-UI displays heterogeneity when 
assayed with respect to heparin binding. While all of the 
protein binds heparin-agarose at Q.15 M NaCl, it elutes as a 
broad peak between 0.3 and 1.0 M NaCl. While plasma- 



of the complexed inhibitor is promoted by virtue of ah 
apparent increase in the reaction sUrichiometry, a process 
aggravated by the presence of excess thrombin and heparin 
(38, ■? y 

To circumvent this problem, the ability of hAT-m to . 
inactivate thrombin was, investigated in a two-stage chromo- 
genic «ssay. In this assay, excess. AT-m (with or without 
heparin) is inraihawl with thrombin under r^uu^fint-order 
conditions. At given times, an aliquot is removed and added 
to the substrate S-2238 in a Cuvette, and the rate of change in 
A4Q5 ia mea*ui^. COS-derived hAT-m eluting from heparin- 
agarose at XJ.7M Nad was quarttitated by BU&A. Plasma- 
derived hAT-m.was dOnted to the same concentration* Fig. 
4 shows a temtlogarithmic plot the results. In the absence 
of heparin; thrombin is slowly inactivated with a f Vl of 74 and 
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Fio. 4. Inactivation of thrombin by COS-derived hAT-III. hAT- 
III from serum-free medium of COS/pMLAd- AT-III eluting at >0.7 
M NaCl waa compared In parallel to a similar concentration (16 nM) 
of standard plasma-derived hAT-111 under pseudo-first-order condi- 
tions. t)» COS hAT-III in the absence of heparin; o. plasma hAT-III 
in the absence of heparin; ■, COS hAT-UI in the presence of 17.6 nM 
high-affinity heparin; plasma hAT-in in the presence of high- 
affinity heparin. 
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derived AT-UI characteristically ctutcs as an asymmetric 
band in such gradient elutions (Fig. 3), the COS-dcrivcd 
protein does n t elute with as pronounced an ascending limb 
as plasma-derived AT-III. 

Transfected COS cell-produced hAT-UI was also capable 
of forming a stable covalent complex with thrombin in the 
absence of heparin. Forty-minute incubations of thrombin 
with [ 3S S]mcthioiiinc-labcicd medium showed that >80% of 
the hAT-III was capable of complex formation in that time 
frame (Fig. 2B). This is more than the percentage of the 
protein that has submaximal heparin binding (Fig. 3), indi- 
cating that there is a subpopulation that has thrombin 
inactivating capacity and reduced heparin binding. The 
remaining low molecular weight band in Fig. IB could be due 
to incomplete reaction, an inactive subpopulation, or forma- 
ti n of an indistinguishable protcolytically modified AT-III. 
That COS-derived AT-III is capable of protease complex 
formation yet has variable heparin binding indicates that the 
heparin- and protease-binding domains are in some way 
functionally separable. Either the heparin-binding domain is 
less stable than the protease-binding domain and there is a 
subpopulation that is not folding correctly in COS cells, or 
minor alterations in glycosylation are preferentially affecting 
the heparin-binding domain. Analysis of thrombin inactiva- 
tion in a chromogenic assay substantiated that COS-dcrivcd 
hAT-III is capable of inactivating thrombin. Moreover, it 
extends our data by showing that this AT-III is activated by 
heparin and that the reaction in the presence and absence of 
heparin occurs on the same time scale as that with plasma- 
derived hAT-III. 

Two previous reports (5. 24) have described the heterolo- 
gous expression of hAT-III. Bock etol. (5) cloned the cDNA 
and expressed it in E. coli. They observed a band in 
NaDodS0 4 /PAGE immunobiot analysis of **50 kDa and 
attributed the size to the absence of glycosylation in the 
prokaryotic system they used. They did not report on any 
functional activity despite abundant production. Prochownik 
and Orkin (24) have also examined expression of a cloned 
hAT-III transiently in COS cells and in stable transformants 
of the mouse fibroblast line C127. They constructed a 
"mini-gene" consisting of 300 base pairs of 5' untranslated 
sequences including the endogenous promoter, the first 
intron and corresponding 5' and 3' splice sites, the remainder 
of the cDNA, and 175 base pairs of 3' noncoding sequences 
presumably containing a polyadenylylation signal. They 
dem nstrated production of mRNA and correct splicing in 
both cell lines. Furthermore, thoy were able to show the 
existence of an alternative splice site that may result in a 
truncated protein. 

The data presented here provide a baseline for the exam- 
ination of hAT-III synthesis in other heterologous systems, 
the investigation of signals required for secretion, and the 
basis for the generation of site-specific mutants to probe the 
importance of various implicated amino acid residues in the 
function of this important inhibitor. 

We express our appreciation to Drt. M. Botcbaa, J. W. Fen ton U, 
William Hathaway, Randolph Kaufman, Stephen Olson, and Ssvio 
Woo for providing materials and Information that greatly facilitated 
the present research. Their individual contributions are identified in 
the text. Thii work was supported by a grant from the Colorado 
Heart Association. 
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DNA-Mediated Gene Transfer in Chinese Hamster Ovary Cells; 
Clonal Variation in Transfer Efficiency* 
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Summary. Thymidine kinasc^efioent Chinac hamster ovary 
(CHO) ceils were genetically transformed with the BamHl restric- 
tion fragment encoding the thymidine kinase gene of herpes 
simplex virus (HSV-tk). We have observed considerable clonal vari- 
ation among independent CHO sublines with respect to transform 
maUon competence for the DNA-mcdiated gene transfer of HSV- 
tk Transformation frequencies >3xl<r* were observed con- 
sistently in one subline, with a transformation efficiency of approxi- 
mately 1 transformant per ng viral gene. The frequency and effi- 
ciency of transformation we observed in this system arc at least 
10-fold greater than those previously reported for DNA-mcdiated 
tr^«Sation of CHO ecus by HSV-tk. AU of the CHO HSV-tk 
transformants examined were stable for the transferred genotype 
in the absence of selection, and all showed evidence of co-transfor- 
mation by ucselected piasmid pBR322 sequences. 



Introduction 

Genetic transformation of cultured msTnrnalian cells by 
DNA-mediated gene transfer (DMOT) is a promising ap- 
proach to the study of gene expression and its regulation 
£, mammalian cells (Pcllicer etaL 19W; Scangos and 
Ruddle 1981 ; Weinberg 1981). To date, most studies using 
DMGT methods have used mouse L or 3T3 cells as gene 
transfer recipients (Wigier ct aL 1977; Peuicer etaL 1978; 
Weinberg 1981). This is because mouse L cells exhibit high 
transformation frequencies (PcUicer ct al 1980). Compara- 
ble transformation frequencies have not been obtained in 
moat other cultured cell lines (Graf et al. 1979; Lewis et al. 
1980; Robins et al. 1981). 

The desirability of cKtending DMOT methods to other 

cell lines has been pointed out (Pellicer et al. 1980). In par- 
ticular, the advantages of using Chinese hamster ovary 
(CHO) cells as gene transfer recipients have long been re- 
cognized (Srinivasan and Lewis 1980). These advantages 
include a stable, near-diploid karyotype, a characteristic 
that facilitates genetic analysis of somatic cell hybrids and 
which is in contrast to the pronounced aneuploidy observed 
in mouse L ecus. In addition, there is a large and growing 
number of recessive mutant phenotypes available in CHO 
cell lines (Siminovitch 1979; Adair etaL 1979; Sicihano 
et al. 1982). Furthermore, linkage data in CHO are rapidly 
being generated, with 23 of 25 gene mapping assignments 
to date having been made in the last 2 years (Stallings and 

Offprint request* to: Rodney S. Nairn 

* A preliminary account of thc*c reiulti was given at ihc ICN- 
UCLA Symposia, March 21-28, 1982 



Siciliano 1981; Stallings et al. 1982; Siciliano etaL 1982). 
Unfortunately, however, CHO cells have been reported to 
be difficult to transform, with transformation frequencies 
50 to 100-fold lower than Ltk-CL 1 D cells (Graf et al. 1979; 
Lewis ct al. 1980; Abraham et al. 1982). 

We have used the cloned herpes simplex virus thymidine 
kinase (HSV-tk) gene to transform CHO cells in a DMGT 
system. Recently, Abraham et al. (1982) and Linsley and 
Siminovitch (1982) have also reported DMGT in CHO cells 
with the HSV-tk gene. Our DMGT system in CHO is sub- 
stantially more efficient than those previously described. 
Wc have also observed considerable clonal variation for - 
HSV-tk DMGT in independently selected CHO thymidine 
kioase-deficient (tk~) sublines using this system. One... 
subline showed consistently higher transformation trequen- * 
cies with the HSV-tk gene and extremely high transforma- 
tion efficiency (1 transformant/ng HSV-tk gene). W report 
here details of our DMGT system in CHO and the charac- 
teristics of HSV-tk* transformants derived from the high 
efficiency transforming subline. 

Materials and Methods 

Cell Culture. Table 1 describes the mammalian cell lines « 
used in this study. Cells were cultured routinely in a a-modi- 
fied Eagle's minimal essential medium (acMEM) without , 
NaHCOj, containing 2 xnM glutamine and 10% fetal calf 
serum (FCS). Sources of FCS over the course of this study 
were KC Biological*, Flow Laboratories, and GIBCO. Brc*. 
modeoxyuridine-reaistant (BrdU") sublines were selected- 
and maintained in ixMEM containing 10% dialyzcd FCS, 
bromodcoxyuridinc at 150 ug/ml, and deoxycytidine at 
10 ug/ml. BrdU* sublines were selected by seeding CHO- 
AT3-2 cells at 25-50 cells per 25 cm 2 T-flask, expanding 
each population independently, and replating at 4x10* 
cells per 10 cm dish in 15 ml selective medium. Individual 
colonics were picked after 18-21 days and expanded. Each 
independent BrdU* subline was cloned from one original, 
independent population of CHO-AT3-2 cells. 

HAT selective medium was aMEM with 10% FCS con- 
taining 0.1 mM hypoxanthine, 0.002 rnM amethopterin, 
and 0.05 mM thymidine. All media contained streptomycin 
(50 ug/ml), penicillin (50 units/ml), and where indicated,' 
kanamycin (100 ug/ml). 

Preparation of Piasmid DNA. Escherichia coli K-12 strain 
LE578,. containing piasmid pXl, a recombinant molecule 
of pBR322 and the 3.5 kilobasc pair (kb) BamHl HSV-lf 
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AM*.!. Cell lines 



^ignition 


Parental «tnun 


Relcvunt 
genotype 


Ptoidy 


Source 


Reference 


HO-AT3-2 

HO-3-25 

HO-2E5 

HO*3B10 

HO-303 

HCMSE10 

lit " Clone 1 D 


CHO-SBU'-3 

CHO-AT3-2 

CHO-AT3-2 

CHO-AT3-2 

CHO-AT3-2 

CHO-AT3-2 

Mouse L Cell 


tk +/- 
tk -/- 
tk -/- 
tk -/- 
tk -/- 
tk -/- 
tk -/- 


2n 
4n 
2n 
2n 
4n 
4n 

ancuploid 


G.M. Adair 
This work 
This work 
This work 
This work 
This work 
MJ. Siciliano 


Adair el al. (1990) 
KJtetal. (1963) 



ugment encoding thymidine kinase (Enquist et al. 1979) 
as the generous gift of Lynn Enquist, Laboratory of 
umor Virology, NCI. Plasmid DNA was prepared by a 
eared-lysate method (Humphreys et al. 1975) and isolated 
i isopyenic dye-buoyant density contrifugation in CsCl- 
hidium bromide gradients. Ethidium bromide was 
moved by repeated extractions with saline-saturated 
spropanol, and DNA preparations were extensively dia- 
zed at 4° C against TES (0.03 M TrisHCl, 0.05 M NaCl, 
005 M EDTA, pH 8.0) and stored at -20° C 

eparation of Mammalian DNA. Mouse Ltk" CI. ID cells 
*re used as the source for carrier nucleic acid in transfor- 
ation experiments. Confluent monolayer cultures were' 
led on plates by adding 10 ml per 15 cm plate of a lysine 
lution (0.01 M Tris HO, 0.01 M Nad 0.01 M EDTA, 
i 8.0. containing 0.5% sodium dodecyl sulfate and pro- 
nase K to 0.2 mg/ml) ajter rinsing plates twice with 
tele's S lution A. Plates were incubated for 3 h at 37° C 
d the viscous lysatc was recovered by scraping with a 
bber policeman. Sequential organic extractions with 
iffer-saturated, redistilled phenol, phenol-chloroform- 
tamyl alcohol (25:24: 1), and chloroform-isoamyl alcohol 
J: 1) were performed on the lysate. Interfaces were pooled 
d re-extracted in the same fashion. Nucleic acid was col- 
ted from pooled aqueous phases by adding 3 volumes 
freezer-temperature ethanol and spooling on a gi*— rod. 
For DNA samples used in restriction analysis, nucleic 
d was isolated as described above, redissolved in TE 
fier (0.01 M Tris'HCl, 0.001 M EDTA, pH 8.0), and in- 
bated with previously boiled pancreatic ribonuclcasc A 
NAase) at 50 Mg/ml for 1 h at 37° C. DNA was then 
rified by sequential organic extractions and spooled on 
lass rod as described above. 

(A- Mediated Transformation. Prior to an experiment. 
1 DNA was dissolved to 38 ug/ml in a buffer consisting 
0.1 M TrisHCl, 0.01 M MgCl 2> 0.02 M KC1, 0.006 M 
itothrdtol, 5% glycerol, pH 7.5, and digested with 
wHl (3 units/ug DNA) for 3 h at 37° C. Carrier nucleic 
i dissolved in TE buffer to OD a60 of 12 was added 
the digest (0.625 ml carrier nucleic acid per ml digest) 
I the material was ethanol-precipitated and collected by 
trifugation. For use in transformations, the ethanol pre- 
'tates were dissolved in sterile, 0.1 xTE to OD 360 of 
Digested pXI DNA was delivered at 2 ug per plate 
nost experiments, and at 0.5 or 1.0 ug per plate in some 
eriments, as indicated. 

BrdU* CHO sublines or Ltk" CI. ID cells were plated 
^ ml aMEM + 10% FCS at 7 x 10 3 cells per 10 cm plate 
the afternoon prior to an experiment. Plates were refed 



the next morning with 12.5 ml *MEM+10% FCS. After 
2-4 h, one ml of calcium phosphatc-DNA precipitate was 
added per plate. Calcium phosphatc-DNA precipitates were 
formed in sterile polypropylene tubes over 35-40 min essen- 
tially as described by Wiglcr ct al. (1977). After 3 5 h, DNA- 

^SL™ bnolavcrs were cx P OSe « I to dimethyl sulfoxide 
(DMSO) by adding 1.5 ml DMSO dropwise to each plate 
while swirling gently. Exposure to DMSO was for exactly 
25 min, medium was then withdrawn and plates were refed 
with aMEM + 10% FCS containing kanamycin. After 40 h, 
cells were harvested by trypain-EDTA treatment, counted, 
and replated at 1:5 ratio into HAT. On the fourth day 
after replating. the plates were replenished with fresh HAT 
medium and left undisturbed until HAT* colonies were evi- 
dent 8-10 days later. 

Sv*?" 1 Bl0t Analy * U °f Transformant DNA. The 3.5 kb 
HSV-1 BamUl fragment was purified by electroelution 
(Yang et al. 1979) after SamHI digestion of pXI and then 
dissolved in water after phenol extraction and ethanol pre- 
cipitation. Nick translation reactions were conducted esaen- 
ually as described by Wchwtock et al. (1978). Southern blot 
analysis was performed using dextran sulfate to accelerate 
hybridization as described by Wahl ct al. (1979). Hybridiza- 
tion was performed with 5 x 10* cpm per cm* of nitrocellu- 
lose transfer for 7ih at 42° C. Hybridized blots were 
washed as described by Smith and Summers (1980) air- 
dried, and exposed to Kodak X-Omat AR film at -70° C 
for 1-3 days, using an intensifying screen. 

Cytogenetic Analysis. Modal chromosome nubmers were 
determined from airdried chromosome spreads. Chromo- 
some spreads were prepared and stained using standard 
^8 ~tho<U, « described by Worton and Duff 
(1979). The parental cell line used in these studies, CHO- 
AT3-2, has a modal chromosome number of 21, with a 
karyotype closely resembling that previously described for 
CHO by Deaven and Peterson (1973). 

Stability Tests of Transformant Clones. Individual, indepen- 
dent transformant colonies (only one colony from each 
plate originally exposed to calcium phosphatc-DNA precip- 
itate) were picked and expanded in HAT in 25 cm* T-flasks 
Cultures (4-6 days) were trypsinized and plated to both 
HAT and non-selective media. Cultures in HAT were cx- 

P S2w f ^P^L isolation and cu,turea ^ non-selective 
aMEM + 10% FCS were maintained for up to 34 days 
during which time cells were trypsinized and replated at 
intervals at 200 cells per 6 cm plate to 6 plates each of 
selective and non-selective media. After 8-9 days, colonies 
were stained with crystal violet and scored. 



386 

Results 



Influence of Carrier Nucleic Acid on DMGT 
of the HSV-tk Gene into CHO CelU 

Urine the calcium phosphate-DNA co-precipitation proto- 
col as described in "Material* and Methods", vrc investi- 
gated to what extent the presence of carrier nudesc acid 
influenced transformation frequency in subline CHO-ZE5. 
From preliminary experiments in line CHO-3-25. we deter- 
mined that it was unnecessary to digest earner nudac acid 
with RNAase. Figure 1 represents results of experiments 
at constant inputs of AwiHI-digested pXl (2 ug/plate) with 
differing amounts of carrier nucleic acid added pu plate. 
By colorimetric analysis (Burton 1956) we determined that 
Ltk - carrier nucleic acid, isolated as described and not 
RNAase-treated. was approximately 40% DNA Assuming 
that an OD M0 of 1 represents SO ug/ml (Humphreys rt al. 
1975), an input of 0.6 OD a60 mils carrier nucleic acid per 
plate corresponds to 12 ug DNA, and is shown by these 
data to be optimal for DMGT of the HSV-tk gene into 

In addition, we transformed CHO-2E5 cells BucwssAilly 
without any added carrier nucleic acid, at an input of 4 |*g 
pXl digest per plate, the transformation frequency was 
iignificantly diminished in this case, to less than 5 x 10 . 
Some of these transformant clones were expanded and ana- 
lyzed for stability. Presence of the HSV-tk ttantforming 
gene was verified by Southern blot analysis of DNA from 
these transformants. 
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Frequency and Efficiency of HSV-tk Gene Transfer 
in CHO Ceils 

Tabic 2 presents data from a large number of experiments 
conducted in BrdU* derivatives of CHO-AT3-2. Several 




0.1 0.4 0.S 

ODteo UNITS CARRIER NUCLEIC ACID / PLATE 
Fig. 1. Dependence of tniuf ormation frequency on input of carrier 
nucleic acid. CHO-2B5 cells were transformed with 2 ug BomHI- 
digested pXl per plate, at the carrier nucleic add inputs indicated 
Tnxi&fonnation frequencies were calculated on the basis of HAT* 
colonics arising on pUtes after cells were counted and replated 
into HAT 40 h post-pXl exposure. Each point represents calcu- 
lated freqijencic* from results of 4 plates 



Table 2. Results of transformation experiment* 



Cell line 



CHO-2E5 



CHO-3B10 



CHO-3Q3 



CHO-3-25 



CHO-6E10 
Ltk" Clone ID 



Experiment 



1 
2 
3 

4* 
5- 

6 (control) 

7 (control) 

1 
2 

3 (control) 

1 
2 

3 (control) 

1 
2 

3 (control) 
1 

2 (control) 
1 

2 (control) 



DNA exposed cell* plated 



1.47 xlO 7 
6.38x10* 
7.01 x 10* 
4.59 xlO" 
1.38x10* 
2,49x10* 
3.28 x 10 6 

7.82x10* 
5.0S x 10* 
4.83 xlO* 

8.63 x 10° 
6.97 x 10* 
2.82 k 10' 

l.lSxlO 7 
5.31 x 10* 
4.79x10* 

7.16x10* 
4.98x10* 

1.13 xlO 7 
5.69 x 10* 



(24 plates) 
(16 plates) 
(24 plates) 
(16 plates) 
(16 plates) 
(4 plates) 
(4 plate*) 

(24 plates) 
(12 plates) 
(8 plates) 

(24 plates) 
(19 plates) 
(8 plates) 

(23 plates) 
(32 plates) 
(8 plates) 

(14 plates) 
(8 plates) 

(24 plates) 
(8 plates) 



HAT* 

colonies 


Transformation 
frequency" 


Tnuistbrniatxoa 
efficiency* 


4,408 


3.0 xlO' 4 


1.05 


2340 


4.5X10*" 4 


1.01 


3.348 


5.0 xlO" 4 


0.85 


i.070 


2JxlO~* 


0.76 


326 


2.4x10"* 


0.47 


0 


<4«0xl0" 7 




0 


<3.0xl0" 7 




1,543 


2.0x10'* 


0.37 


1,026 


2.0 x 10"* 


0.49 


0 


<2.1xi0"° 




842 


9.8x10"* 


0.20 


281 


4.0x10"* 


0.17 


0 


<3.6xl0" t 




595 


5.2 xlO" 5 


0.15 


384 


7.2x10"* 


ND 


0 


<2.1xl0 _7 




59 


8.0x10"* 


0.05 


0 


<2.0xl0*' 




1458 


2.2x10"* 


0.59 


' 0 


<l*xl0- 7 





■ Transformation 
into HAT 

* Transformation 

* This experiment 
d This experiment 



frequency wsi calculated on the basis of HAT* colonies arising from the number of DNA-cxposed cells plated 

efficiency was dculaled on the basis of HAT* colonics arising per ng 3 .5 kb flomHl ^ J"*™™* 
differed from the standard protocol described in the text in that 1.0 ug pXl fiamHI-digest per plate was used 
differed from the standard protocol described in the text in that 0.5 ug pXl SflmHl-digest per plate was used 




Re. 2A-C Southern blot analysis of independent HSV-tk* CHO- 
RES transformants. HAT* colonies were picked at random, only 
one colony from each plate originally exposed to transforming 
DNA, and expanded. DNA was isolated and RNAaae-treated as 
described in the text, then digested to completion with £ceRl. 
Southern blots, nick-traoslation of probes, and hybridizations were 
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points concerning the frequency and efficiency of DMGT 
f HSV-lk into CHO cells can be made from these data. 
First of all, there is clonal variation in the observed frequen- 
cies of HSV-tk* transformation among these sublines. Fre- 
quencies shown in Table 2 were calculated on the basis of 
scored HAT 4 colonies appearing on plates after replating 
cells that had been exposed to calcium ph sphatc-DNA 
precipitates 40 h cralicr. Therefore, any differences in rates 
* of expansion of different cell populations during the 40-h 
expression period are negated, since cells were counted at 
the time of plating into HAT. Secondly, subline CHO-2E5 
consistently exhibits both higher transformation frequency 
and efficiency than other, independently selected BrdLr 
CHO-AT3-2 sublines (experiments 4 and 5 in CHO-2E5 
were conducted with 1 and 0.5 ug pXl per plate, respective- 
ly). Transformation efficiency is defined on the basis of 
the ratio of total HAT* colonies to the total mass of the 
HSV-tk gene introduced to cells as calcium phosphate- 
DNA precipitate. Third, most of the CHO-AT3-2 BrdU* 
sublines exhibit transformation frequencies with the HSV- 
tk gene of the same order of magnitude as mouse Ltk" 
CI. ID cells in the conditions described for our protocol. 
This finding is in marked contrast to reports of DMGT 
in other CHO cell systems (Abraham et al. 1982; Linsley 
and Siminovitch 1982). Finally, stable tctraploid cell lines 
(CHO-3G3, CHO-3-25, and CHO-6E10) exhibit lower fre- 
quencies and efficiencies of DMGT than do stable pscudo- 
diploid lines (CHO-2E5 and CHO-3B10). 

PrgMtnce of HSV-tk and pBR322 Sequences in DNA 
of Transformants 

High molecular weight DNA was isolated from indepen- 
dent HSV-tk* CHO-2E5 transfonnanU and analyzed by 
. .Southern blotting for the presence of transforming and co- 
transformed DNA sequences. Each transformant analyzed 
originated from a different 10 cm plate originally exposed 
to calcium phosphate-DNA precipitate. Figure 2 shows 
results of this analysis for £coRI-digeated transformant 
DNA samples. Panel A shows that the HSV-tk gene is pres- 
ent in multiple copies in 9 independent HSV-tk* tnuufor- 
manu, but not in DNA of CHO-2E5 flane at far right). 
The 3.5 kb HSV-tk fragment is present at 40 pg in lane 
1 (far left), approximating single-copy gene presence in the 
amount of DNA (15 ug) loaded to gels (Kxtner and Kelly 
1976). Panels B and C display results for other independent 
transformants probed with nick-translated 3.5 kb BamHl 
fragment (B) and pBR.322 (Q. 

Digestion with EcoKl reveals the presence of the 2.3 kb 
EcoRl HSV fragment within the 3.5 kb cloned HSV-1 
BamHl sequence in all HSV-tk + transformants probed with 
the 3.5 kb fragment, except clone 873C (panel B). It is ap- 



performed as described in the text A Restriction digests of ONA 
from independent transforniant clones (61 1C, 613C, 614B, 621 A, 
622D, 625B, 626D f 627D, and 62SQ, and the parental tk~ line 
(2B5) were probed with the ntck-translated 3.5 kb HSV-tk frag- 
ment, also represented on the transfer in lane at far left (tk). B 
Restriction digests of DNA from four transformant clones isolated 
in the absence of carrier DNA (883C, 884B, 885C. 873Q and 
" of eight transformant clones isolated in presence of carrier DNA 
(71SD, 711C, 713C, 716C, 715D. 719B. 712D. 717Q probed with 
the 3.5 kb HSV-tk fragment. C The same restriction digests as 
represented in B, probed with nick- translated pBR322 
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DAY8 IN NON-SELECTIVE MEDIUM 
Fig. 3. Stability analysis of transformant cleric*. Independent 
CHO-2E5 traniformants were isolated and maintained in non-se- 
lective medium for the lengths of time indicated. At intervals, cul- 
tures were rcplated into HAT and non-selective media (6 plates 
each) and scored after 3-9 days. Transformant clones so analyzed 
were 711 C (•), 716C (o), 715D <«), 719B (o), 717C (*), 885C 
(a), 883C (•) and B73C (o). Each transformant was derived origi- 
nally from a different transforming DNA-exposed plate. Clones 
885C, 883C and 873C were isolated in a protocol in which carrier 
DNA was absent from the transforming DNA precipitate 



parent from the restriction patterns that multiple integra- 
tions of the HSV-tk gene have occurred and that the pattern 
and extent or integration differ among the difFerent cell 
lines. Panel C shows the presence of pBR322 sequences 
in the same transformants probed for HSV-tk sequences 
in Panel B. The linear pBR322 sequence is present in EcoRl- 
digested high molecular weight DNA of all transformants 
examined, and the presence of other bands indicates differ- 
ences in integration of pBR322 sequences as well among 
these transformants. 



Stability ofCHO-2E5 Transformants 

Figure 3 shows results of monitoring the stability of the 
tit* phenotype over 30 or more days in eight of the CHO- 
2E5 sublines analyzed in Fig. 2 (panel B). A total of 19 
independent transformants were tested for stability, and the 
results shown in Fig. 3 are representative of the stability 
exhibited by CHO-2E5 tranaformants. With the exceptions 
of clone 71 9B (open squares) and one other transformant 
(not shown), the relative plating efficiencies (ratio of plating 
efficiency in HAT selective medium to plating efficiency 
in non-sclcctivc medium) were uniformly high. This result 
indicates that the tk* phenotype is extremely stable in 
CHO-2E5 HSV-tk* transformants, in agreement with the 
results reported by Abraham etal. (1982) for another 
DMGT system in CHO, and in marked contrast to the 
instability observed in Ltk~ CI. ID HSV-tk* transformants 
(Scangos et al. 1981). 



Discussion 

Genetic transformation of CHO cells by efficient DMGT 
offers avenues for gene cloning and investigation of gene 
expression in mammalian cells that arc of considerably 
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wider scope than offered by DMGT in other cultured ccJ 
lines, simply because there are so many more mutant pheno 
types available in CHO (Siminovitch 1979; Adair ct at 
1979). It was important to us, therefore, to establish ; 
DMGT system in CHO of high efficiency, with trans forma 
tion frequencies comparable to those obtainable for mous 
Ltk" CI. ID cells. We used the HSV-tk gene for transfc 
because of the readily selectable phenotype it offers, it 
availability as a cloned gene, and the extensive data bas 
accumulated for its DMGT in mouse Ltk" CI. ID cells 
including data regarding the co-transformation and stabik 
ty characteristics of mouse Ltk" HSV-tk* transformant 
(Wigler et al. 1979; Scangos et al. 1981). 

There have been two other recent reports f DMC 
of the HSV-tk gene into CHO cells. Abraham et al. (198: 
were able to achieve maximal transformation frequenck 
of 5x10"* with the HSV-tk gene, at an input of 10 p 
pXI per plate. Linsley and Siminovitch (1982) report? 
transformation frequencies of 8x10" 5 at the same DN. 
input, and 3 x 10" 5 at 2 ug pXI added per plate, the tnpi 
level used in this study. From data presented in Table : 
we report transformation frequencies of 3 x 10~ 4 at 2 \i 
pXI per plate in BrdU* line CHO-2E5, a significantly highi 
frequency man reported elsewhere, representing a transfc: 
matiqn efficiency (transformant colonies per ng HSV-t 
gene) of approximately 1.0. This frequency is comparab 
to that observed in Ltk" CL ID cells in our hands, usin 
DMGT conditions identical to those used for CHO lim 
(Table 2). Abraham et al. (1982) observed essentially tl 
same frequency of transfer for Ltk" cells aa we have r 
ported here. DMGT frequencies 10 to 50-fold higher f* 
Ltk" cells with the HSV-tk gene have been reported (C 
mcrini-Otero and ZaslotT 1980; Robins etal. 1981), b 
in these instances, pBR322 sequences were absent from tl 
transforming DNA precipitate. Plasmid pBR322 was pre 
ent in precipitates used in our DMGT protocol, as w« 
as in those of Abraham etal. (1982) and Linaley ai 
Siminovitch (1982). Excess pBR322 sequences have bet 
found to inhibit DMGT transformation in mouse L ee 
(Perucho etal. 1980; Lusky and Botchan 1981), and th 
may explain the transformation frequencies that Abraha 
ct al. (1982) and we observed for Ltk" cells. 

Whether the higher transformation frequencies we ha 
observed in BrdU* subline CHO-2E5 result from difTi 
ences in DMGT protocol or from factors intrinsic to t 
cells used as recipients is not completely clear, since the 
are differences among the three DMGT protocols. In t 
protocol we describe, cells are exposed for 3.5 h to calciui 
DNA precipitate, shocked with 10% DMSO f r 25 mi 
allowed 40 h of expression time, then trypsinized and re 
lated t into HAT. Both of the other two DMGT procedui 
use long exposure times to calcium-DNA precipitate (ov* 
night to 26 h). This protocol is suggested f r Ltk" cc 
by data of Lewis etal. (1980) and Corsaro and Pears 
(1981 a). However, in one experiment with CHO-2E5 (di 
not shown), we used overnight exposure without DM?* 
treatment, 48 h expression, and then replated cells by try 
sinizing into HAT. We found that the number of HA 
colonies ultimately obtained was greater by 2.5-fold; ho 
ever, since the cell population had also numerically 
creased by about 3-fold at the time of replating, there v* 
no significant increase in transformation frequency as 
calculate it. By try psini zing and replating cells (with plat' 
efficiencies determined), we know precisely the number 



viable cells that serve as the population on which select! n 
Is performed, and transformation frequencies arc calculated 
on the basis of the number of cells plated into HAT after 
express! n time, If we were to calculate transformation fre- 
quency on the basis of the number f cells originally ex- 
posed to calcium-DNA precipitate (Linsley and Sirnino- 
yitch 1982), our calculated DMGT HSV-tk* frequencies 
would be approximately double what we have reported, 
since each original 10 cm dish gives rise to about 2x10* 
ceils. 

We have used Ltk" nucleic acid as carrier for the pXl 
transforming precipitate, as did Linsley and Siminovitch 
(1982). Abraham ct al. (1982) used commercial calf thymus 
DNA which they further purified. Since comparable results 
for CHO line 2F3 were obtained in both laboratories, the 
source of carrier DNA probably did not affect these results. 
However, as Fig. 1 shows, the amount of carrier nucleic 
acid added per plate has a significant influence on the trans- 
formation frequency. Abraham et al. (1982) also observed 
this effect using calf thymus DNA over a range of consider- 
ably greater carrier DNA input (up to 80 tig per plate). 
The optimal quantity of carrier DNA suggested by our 
data (12 ug per plate) and by data of Abraham et al. (1982) 
are in cl se agreement. The presence of RNA in our carrier 
nucleic acid seemed to have no effect on the optimal carrier 
DNA input. 

The data from Table 2 suggest that intrinsic cellular fac- 
tors may be more responsible than differences in DMGT 
protocol for the higher transformation frequencies we ob- 
served in BrdU* CHO sublines. The apparent clonal varia- 
tion we observed among independently selected BrdU* 
CHO sublines suggests a ceDular basis for the differences 
in DMGT frequencies and efficiencies we report, and 
perhaps most reasonably explains the differences in fre- 
, quency we observe between BrdU" derivatives of CHO* 
* AT3-2 and line CHO-2F3 used by both Abraham et al. 
' (1982) and Linsley and Siminovitch (1982). This conclusion 
r is reinforced when one considers that Abraham et al. (1982) 
[ observed transformation frequencies approaching 10" * 
| using the pSV2-gpt vector to transfer the bacterial hypoxan- 
I thine guanine phosphoribosyltransferase gene (£cogpt) to 
I another CHO cell line, and that Liniley and Siminovitch 
, (1982) observed high transformation frequencies with 
' pSV2-gpt in DR-21, a CHO-K1 hprt* derivative. Of course, 
since these genes are under the control of the early SV40 
promoter in pSV2, higher frequencies might be anticipated. 
Nevertheless, the facts that a) there is variation in DMGT 
of different genes in different CHO sublines and b) we 
observe a pronounced difference in DMGT of HSV-tk 
among our CHO-AT3-2 derived tlc~ sublines and between 
these and the CHO-Toronto derived tk" line (2F3) indicate 
that the determinants of DMGT are probably cellular rath- 
er than procedural in nature. 

Clonal variation in competence for DMGT has been 
j reported f r sublines of mouse Ltk" Cl. ID (Corsaro and 
Pearson 1981 b). Furthermore, Abraham ct al. (1982) point 
out that their results for DMGT of HSV-tk, using two 
tk* CHO lines, suggest preliminary evidence of clonal vari- 
. ation for DMGT competence. We believe we have sufficient 
; data (Tabic 2) to extend this suggestion to the conclusion 
that there is in fact clonal variation in CHO for DMGT 
competence. We interpret this observation in the same 
context as did Corsaro and Pearson (1981b) for Ltk" CL 
ID cells; that is, there are genetic factors that contribute 
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t transformation competence. It is of interest to note that, 
in our hands, stable tctraploid BrdU* CHO-AT3-2 deriva- 
tive sublines consistently transform more poorly than do 
BrdU* sublines of CHO-AT3-2 with a modal chromosome 
number of 21. Stable tetraploidy occurs in CHO-AT3-2 
sublines at a somewhat higher frequency in BrdU* selecti n 
than it otherwise occurs during routine maintenance of cell 
lines in culture. Wc have no explanation at present for this 
observation. 

Two other points brought out in this study warrant 
discussion. One point is that co-transformation of unse- 
ated nucleotide sequences in CHO-2E5 ceils is very high. 
Of twelve, randomly selected, independent HSV-tk * trans- 
formants, isolated by DMGT at cquimolar pBR322 and 
HSV BamHl fragment concentrations, all show evidence 
of co-transformation by pBR322 sequences (Fig. 2C) 
Abraham etal. (1982) also observed pBR322 and pSRl 
cotransformation in the two transformants they examined. 
Thus, CHO cells, like mouse Ltk" Cl. 1 D cells, arc capable 
of integrating and maintaining unselected DNA sequences 
when these are presented in a transforming calcium-DNA 
precipitate. The second point concerns the stability of CHO 
HSV-tk transformants. Abraham ct al. (1982) observed that 
all five transformants they tested for stability of the HAT* 
phenotype were very stable. We have examined a total of 
19 HSV-tk + CHO-2E5 transformanU, data for eight of 
which are shown in Fig. 3, and our data convincingly 
support the conclusion that CHO transformants exhibit 
pronounced stability of the transformed gene. This finding 
contrasts with the finding in mouse Ltk" a, ID cells that 
the ability of transformant populations maintained in non- 
selective media to clone in HAT is rapidly lost, at the rate 
of 10% per day (Scangos et al. 1981). One final point re- 
garding the contrasting* marked stability of transferred 
genotype exhibited by CHO transformants seems pertinent. 
In context of the transgenome model for DMGT proposed 
on the basis of stability studies in Ltk" cells (Scangos et al. 
198 IX the physical association of the transforming gene 
with carrier or other high molecular weight DNA (transge- 
noxnes) is a prerequisite for stable generic transformation. 
Stable transformants ultimately show physical association 
of the transforming gene with the host chromosomal DNA 
(Robins etal. 1981), If transgenomes are formed during 
DMGT in CHO cells, they must bo stably maintained from 
the beginning or very soon thereafter, perhaps by very early, 
stable association with recipient chromosomal DNA. Since 
Ltk- ecus arc highly aneuploid, whereas CHO is known 
for its balanced ploidy, perhaps this characteristic of CHO 
is important in its stable genetic transformation. Further 
DMGT studies in CHO cell lines may provide a dearer 
answer to this question. 

The DMGT system we have described in CHO, and 
those described by Abraham et al. (1982) and Linsley and 
Siminovitch (1982), should be important for extending the 
usefulness of thus powerful technology. Because of the sta- 
bility of the transformed genotype in CHO, and because 
there are now available DMGT systems for CHO which 
are efficient and provide high transformation frequencies, 
investigations of expression, maintenance, and isolation of 
transferred genes in CHO mutants will become an increas- 
ingly important approach in cell and molecular biology. 
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Proteins necessary for the survival, 
proliferation, and differentiation of he- 
matopoietic progenitor cells are pro- 
duced by a variety of murine and human 
cell types (J). The biological activity of 
these factors, known as colony-stimulat- 
ing factors or CSF's, is measured by 
their ability to stimulate hematopoietic 



al has impeded their study and virtually 
precluded analysis of their functions in 
vivo. Thus it has not been possible to 
evaluate the potential clinical utility of 
natural CSF in the treatment or preven- 
tion of human disease. The ability of 
GM-CSF to stimulate both neutrophilic 
granulocyte and macrophage production 



Abstract. Clones of complementary DNA encoding the human lymphokine known 
as granulocyte-macrophage colony-stimulating factor (GM-CSF) were isolated by 
means of a mammalian cell (monkey COS cell) expression screening system. One of 
these clones was used to produce recombinant GM-CSF in mammalian cells, The 
recombinant hematopoletin was similar to the natural product that was purified to 
apparent homogeneity from medium conditioned by a human T-cell line. The human 
T-celt GM-CSF was found to be 60 percent homologous with the GM-CSF recently 
cloned from murine lung messenger RNA. 



progenitor cells to form colonies in semi- 
solid medium. The CSF's are classified 
by the types of mature blood cells found 
in the resulting colonics. Thus multi- 

CSF, aliio known as interleuktn-3 (H— 3) 

C2), stimulates the progenitor cells for 
most of the hematopoietic cell lineages. 
Other CSF's have been identified which 
specifically stimulate committed progen- 
itor cells of the granulocyte -monocyte 
lineage: macrophage-CSF (M-CSFl also 
known as CSF-1) O) and granulocyte- 
CSF (G-CSF) (4) stimulate the prolifera- 
tion of progenitors committed to the 
macrophage or granulocyte lineages, re- 
spectively, while granulocyte-macro- 
phage CSF (GM-CSF; also known as 
CSF-2) {J t 5) stimulates the proliferation 
of cells of both lineages. 

Results of experiments in vitro suggest 
a primary role for the various CSF's in 
the regulation of hemalopoiesis (/. 6), 
but the paucity of highly purified materi- 

810 



implies that this factor could be clinically 
useftil in situations where increased pro- 
duction of these cells may be desirable, 
for example, in immuno-compromised 

paticnta or those about to undergo irra- 
diation or chcmothcrapcutic treatment of 
cancer- (7). 

We now report the isolation of com- 
plementary DNA (cDNA) clones that 
express biologically active human GM- 
CSF. The cloning was accomplished by a 
novel direct method involving the con- 
struction of cPNA Libraries in an expres- 
sion vector and the screening of plasmid 
pools by transient expression in COS 
monkey cells. We also describe the puri- 
fication of natural human GM-CSF to 
homogeneity. This protein served as a 
standard to demonstrate the authenticity 
of the CSF we further purified from 
medium conditioned by monkey cells 
expressing the cloned sequence. The re- 
cent publication W) of the nucleotide 



P Sequence of a murine lung GM-CSF 
cDNA has allowed us to compare the 
sequences of the human and murine pro- 
teins. 

Identification and isolation of a hu- 
man GM-CSF cDNA clone. A number of 
human cell lines that produce GM-CSF 
have been described (9). The develop, 
ment of methods for transforming nor- 
mal human T cells in vitro with the use of 
human T-cell leukemia virus (HTLV) 
has provided a routine means of generat- 
ing continuous T-cell lines (/0). many of 
which could serve as useful s urces of 
the hematopoietin. We have used a nam* 
rally arising HTLV-transformed T-lym- 
phoblast cell line designated Mo (11) as a 
starting point both for the purification of 
analytical amounts or the GM-CSF pro- 
tein and for the isolation of GM-CSF 
cDNA clones. Like other HTLV trans- 
formed T-cell lines, the Mo cell line 
produces several regulatory factors in- 
cluding GM-CSF (9, 12), GM-CSF pro- 
tein has been partially purified from the 
Mo-conditioned medium (/J) and the 
GM-CSF mRNA has been identified by 
translation of Mo cell messenger RNA 
(mRNA) in Xenopus oocytes (14). How- 
ever, the difficulty we encountered in 
obtaining sufficient sequence informa- 
tion from the very small quantities of 
GM-CSF that could be purified to homo- 
geneity and the unreliability of the oo- 
cyte assay for the GM-CSF mRNA 
prompted us to develop a novel strategy 
to directly identify lymphokine cDNA 
clones by transient expression in COS-1 
(IS) cells. 

Our cloning procedure exploits the ef- 
ficient protein expression obtained after 
transfection of COS-1 monkey cells with 
the cDNA cloning vector (16) illustrated 
in Fig. 1. Control experiments demon- 
strated that p912Q3(B)-derived con- 
structs synthesized proteins such as ?- 
interferon or interieukin-2 (IL-2) suffi- 
ciently well to allow deteetion after 500- 

to 1000-fold dilution with other plasmid 
DNA. It was therefore possible to con- 
struct cDNA libraries directly in 
p91203(B) and to screen pools of 300 or 
more recombinants for the ability to in- 
duce GM-CSF secretion by transfected 
COS-1 cells (see Table 1). The library, 
derived from membrane-bound mRNA 
of lcctin-stimulated Mo cells, consisted 
of 60.000 independent clones. Two hun- 
dred pools, each containing 200 to 500 
colonies, were screened initially, colony 
formation with the KG- 1 human myeloid 
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ieukcmiu cell tine being used as an indi- 
. cator of CSF activity (77). Six pools 
induced the transfected COS ceils to 
secrete GM-CSF activity; the same six 
pools were also positive when reassayed 
with fresh human b ne marrow in the 
colony assay (Tabic 1). Standard sib- 
selection methods were used to identify 
one single GM-CSF cDN A clone present 
in each of three of the original six posi- 
tive pools (Tabic 1). Hybridization and 
DNA sequence analysis proved that the 
three independent plasmids pCSF-1, -2. 
an d -3 contain the same cDNA se- 
quence. We subsequently identified, by 
colony hybridization, the same cDNA 
sequence in each of the three remaining 
positive plasmid pools. To confirm that 
this sequence encoded a GM-CSF, we 
examined several colonies from the bone 
marrow CSF assay of the transfected 
COS cell-conditioned medium and found 
that the majority of the cells were either 
granulocytes or macrophages (Fig. 2). 

Sequence of human GM-CSF. The 
DNA sequence of the first GM-CSF 
cDNA (pCSF-1), shown in Fig. 3, con- 
tains a single long open reading frame of 
432 nucleotides encoding 144 amino ac- 
ids. Comparison of this sequence with 
the NH 2 -termiual sequence from the pu- 
rified Mo protein suggested that GM- 
CSF, Uke other secreted proteins, is syn- 
thesized as a precursor that is cleaved 
after residue 17 to yield a mature protein 
of 127 residues. Two potential NHj-gly- 
c sylation sites (Asn-X-Thr/Ser) (IS) 
were noted in the sequence (residues 44 
to 46 and 54 to 56; Fig. 3}. The complete 
nucleotide sequence of pCSF-1 consists 
of 754 nucleotides (exclusive of the po- 
lyadenylated stretch) including eight nu- 
cleotides of 5' and 314 nucleotides of 3* 
untranslated sequence. 

Determination of the DNA sequence 
of four other, independently isolated, 
GM-CSF clones confirmed the sequence 
of pCSF-1. All of the clones contain the 
complete coding region identified in Fig. 
3. In three of the clones, however, a 
single base substitution (thymine for cy- 
tokine) was noted at the nucleotide num- 
bered 358. This was the only base change 
detected among all of the clones. As 
multiple independent clones were ob- 
tained having either sequence, we be* 
lieve this difference probably results 
from a polymorphism among the GM- 
CSF genes in Mo cell DNA. Restriction 
enzyme analysis of the CSF genomic 
sequences in Mo ceil DNA and in human 
liver DNA suggested that there is a sin- 
gle human gene encoding GM-CSF that 
has one or more introns (Fig. 4B). The 
sequence polymorphism found in Mo 
cell cDNA'a was noi detected at the 



restriction cndonuclcasc man- 
pitsr^oi the genomic DNA. We infer 
therefore thai Mo has two different al- 
leles of a common GM-CSF gene. Our 
results imply that there are no other 



genes with^^B\ sequence very closely 
related to ^061 1 GM-CSF, but do not 
rule out the possibility that there are 
other CSF genc9 that have little or no 
sequence homol gy. 
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Fig. 1. Structure of expression 
vector p9 1023(B). The baiic 
feature* of the expression sys- 
tem used have been described 
(/6). The expression vector 
p9 1023(B) was derived from 
pQ2 (761 by standard DNA 
manipulations. The plasmid 
has the pBR322 origin of repli- 
cation and tetracycline resist- 
ance gene for propagation in 
Escherichia rati, and lacks the 
bacterial sequences which in- 
hibit DNA replication in COS 
monkey cells 132). It contains, 
in addition, eukaryotic regula- 
tory elements from several dif- 
ferent sources: (i) an S V40 ori- 
gin and SV40 enhancer seg- 
ment, which together allow the plasmid to replicate to a very high copy number in COS cells 
(15) and to efficiently transcribe inserted cDNA genes 03); (ii) the adenovirus major late 
promoter (34) coupled to a cDNA copy of the adenovirus tripartite leader (/6); (iii) a hybrid 
intron consisting of a 5' splice site from the first exon of the tripartite leader and a 3' splice site 
from a mouse immunoglobulin gene (id); (iv) the SV40 early polyadenylation signal ; and (v) the 
adenovirus VA 1 and VA II gene region (J5). Plasmid p91023(B) also contains the mouse 
dihydrofolatc reductase (DHFR) coding sequence downstream from the unique Eco Rl cloning 
site which is positioned just after the 3' splice site. cDNA'c inserted at this Eco Rl site can be 
transiently expressed at high levels in COS cells. The inserted cDNA is transcribed into a 
hybrid mRN A such that the cDNA sequence is flanked by the adenovirus tripartite leader at the 
5' side and by the mouse DHFR sequence serving as a nontranslated sequence at the V side. 
The adenovirus tripartite leader and the VA RNA'i increase the trantlatability (76. 36) while the 
DHFR sequence appears to enhance the stability of the hybrid raRNA (R. Kaufman, 
unpublished results). 

Table 1. CSF activity in gupernatants from COS cells transfected with DNA's from the Mo cell 
cDNA expression library. The Mo cell cDNA expression library in p9l023 {13) was prepared by 
standard methods (30). Sixty thousand bacterial colonies from the library were replica-plated 
onto nitrocellulose filters. The colonies from each filter were scraped into L-broth and plasmid 
DNA was isolated as described (J/). Each DNA sample was prepared from a pool of 200 to 500 
independent clones. We used 5 M4 of each DNA sample to transfect a 10-cm dish of COS- 1 cells 
by DEAE'dcxtran-mediated DNA transection with the addition of chloroquine treatment (10), 
the transfected COS cell-conditioned medium was harvested 72 hours after DNA transfection 
and activity was measured in KG- 1 CSF assay U7). From the primary screen of 200 DNA 
samples, six pools (A) were found to produce CSF activity in COS cells. These pools were also 
assayed with the use of 10 4 light-density nonadherent human bone marrow cells as targets (17). 
The bacteria] colonies from each of the first three positive pools were picked and placed in 
square matrices (pool M99 had approximately 340 clones, pool M181 bad 370 clones, and pool 
M195 bad 470 clones). DNA was prepared from each horizontal row and vertical column of each 
matrix, and transfected to produce COS cell-conditioned media samples which were assayed 
for CSF by the KC-1 cell assay. Two positive samples (B) were obtained from each set of 
transfections corresponding to each matrix, thereby unambiguously identifying the position of 
the CSF clone in the matrix. These cloned DNA's induced the expression of GM-CSF when 
transfected into COS- 1 cells (C). NT, samples that were not tested in the bone marrow assay. 
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Fig. 2. Stimulation of granulocyte and macro- 
phage colony formation by COS cell GM- 
CSF. Light-density nonadherent human bone 

marrow cells were plated (2 * 10* cells per milliliter) with 10 |il of conditioned medium from 
COS cellg iransfecicd with pCSF-1 in 35-mm dishes as described (17) except 0.87 percent 
methylcellulose was used instead of soft agar. More than 25 colonies were stimulated to grow; 
no colonies were observed in negative control dithes. A number of colonies were picked and the 
cells were dispersed onto slides and treated with Wright's stain. (A) Field showing a single 
macrophage (Me)) and a mature granulocyte (g); (B) field showing several mature granulocytes 
(g) and a single myelocyte, a granulocyte precursor (m). 



tm\ 


Tkr 


laa 




rt 


AC 


T 




OCT 


QA« 


ATC 


AAT 


Alt 


CLtt 


■ IT 


A*% 


t«« 






Tai 


T4 


A 


T 


c c 


CCS 


ACC 


TOG 


CT* 


Paa 


n« 


CF" 


W* 


Ffca 








T 




A 




CIC 


ACC 


A AC 


CTC 


Laa 


Tlr 


L»a 





cro 
Vri 


CTC 

laa 


TTC 
laa 


CCC 
tly 


ACT 

TkT 


CTC 

U\ 


CC C 
Ala 


T«C 
Cyi 


IW 
aTT 
CCC 

rra 


fat 
CTT 
ACC 
lar 


e 

ACC 
Tar 


An 

9 

e»c 

CI* 


T 
CCC 
•ra 


TCC 


t r . 

A 

CAC 
CI* 


CAT 
lia 


A 

CTS 
Laa 


140 

4iC 
Aaa 


C 

CTC 
Lau 


u» 

CTC 
ACT 


Air 
CAT 
ASA 
A»l 


CAC 
Am 


HIT 

TG 
ACT 
Tar 


»«- 

C 

cei 

Ala 


T 

TC4 
■ar 


ABB 

A C 
BAA 
Cla 


■ la 

CA 

ATC 

m 


*C* 
c 

r?T 
fa« 


1C 

CIC 

A»F 


*»» 

T 

CTC 
tr- 


v.. 

a 

CAC 
Cla 


A 

CAB 

9lm 



A o ceo 400 sod aoo bp 

Mil BqJI Near Ak* III 

n i — ■ i : — i 

g 

to 

C«T B0ACC ATC TCC CTC CAC ACC CIS 

HIT Tra laa ci. i«r Lri 
SO 

1 tu 

f T* 

ACC ATC TCT CCA CCC CCC CCC TCC CCC A«C 

Or II* Bar Ala rrt Ala !•* In tra Bar 
It 

Cta Lfft 

ACC AAA ,*»» 

CTC AAT 9C6 ATC CAC CAC CCC CCC CAT CTC 

fal Abb Ala Ila Cla CI* Ala Atl A>| Laa 

AC 

CI. fat 

oac a 

C4A ACA CTA CAA BTC ATC 
01* TIT Tat • TBI Ila 
*0 

I«8 

Lfi lit Pit Cla A** 

A A A T C T: A AT 

CSC ACC CSC CTC CAC CTC TAC AaO CAS CCC CTC CCC BBC ACC 

Ola Taa Ata Laa Cla L»* tri -F" «*F *9* Art Olff 

IIS 

ill Abb Tar T*r CI. Tar tr. 

C A CA T C ACA T 

AAC OCC CCC TTC ACC ATC ATC CCC ABC CAC TAC A AC CAt CAC 

WM oy »™ Tar 1ST »T Ala Saf lis lyr Lii Cla 

100; 

Att Cla. Tai TTff *A1- «•» 

C T C Ci AAA XT C A CC CA 

TBC CCT CCA ACe CCC CAA ACT TCC TBT CCA ACC CAC ACT ATC ACC ITT CAA ACT 

C*b Tt9 twm Tai Ma Cla far lac Cyi Ala »■ Clf Tat Ila Tlr »• Cl« | ar 

110 

310 

Ilr Aap Car Tat Ttt Cla Ly t Lya 

T C 6 I A AC AC ST A AAA A A 

ffC AAA BAS AAC CTO AAC CAC TTT CTC CTT CTC ATC CCC TTT C*C TCC TCC CAC 

Ffca Lri Ola Aaa ka« L*« Aaa tr* l«» •*! IW *ra Pba Abb C 9 s Try Cla 

140 

440 

SBI if* 

AC A A A 

CCA CTC CAC OA0 TCA CACCCCCCAC ATCA0CCT00 CCAACCCCCC CACCTCCfCT ctcatcaaaC 
Fra Tal Bta Ola 

J0C 550 
AACACCTACA AACTCACCAT OOTCATCTTC CAC C CAC CAA CCCCTCCCCC ACACCCATCC TCCCABTBQC 

IBB 

CTCCACCTCC CCTCCCCCAC ACICACCClt ATACAC8CAT CCCACAACAA TAtCAATATT TTATACTCaC 

450 TOO 
AO AAA TC ACT AATATTTAT4 TAITTATAIT TTTAAAATAT TTATTTATTT ATTTATTTAA Offf CaTATTC 

750 

CATATTTATT CAAC4TCTTT TACCCXAATA ATTATTATTA AAAATATQCT TCTAAAAAAA AAAAA AAAAA 



Expression of GM-CSF mRNA. Wi 
examined mRNA from several cellula 
sources known to produce proteins will 
CSF activity. RNA blol analysts (Fig 
4A) revealed that two mature T-cell line 
(Mo and UCD-144-MLA) (34) t as well a* 
lectin-stimulated peripheral blood lym 
phocytes (PBL's), synthesized read II; 
detectable levels of a 1-kb mRNA tha 
hybridized with the GM-CSF clone. Tm 
messenger could not be detected in RN/ 
samples from the immature T-lymphr 
Mastoid cell line CCRF-CEM (19) i 
from the B-lymphoblastoid cell lin- 
Daudi (20) , neither of which produce 
measurable CSF (data not shown). Al 
though Mo cells constitutively produc* 
the transcript, treatment with phyt he 
magglutinin (PHA) and phorboi myris 
tatc acetate (PMA) increased the abut* 
dance of the message two- to fburfol 
whereas treatment with the ghicocori; 
coid dcxamethasone decreased the levc 
of the CSF mRNA by a similar amount 
Analysis of a second HTLV-tranaformet 
T-cell line, C 10-MJ2 (2/), confirmed tha 
the CSF gene could be activated b; 
lectin stimulation. In contrast to M< 
cells, the level of GM-CSF mRNA dt 
tected in RNA obtained from the CU 
MJ2 ceils was very low in the absence c 
stimulation but could be increased mor 
than tenfold by treatment of the cell 
with PHA and PMA* Isolation of furthe 
GM-CSF clones from a cDNA Jsbrar 
prepared from lectin-stimulated CK 
MJ2 cells suggested that the abundant 
of the CSF mRNA in these cells is 0.C 
to 0.1 percent of the total mRNA. 



Fig. 3. (A) Restriction map of human Ott 
CSF and (B) comparison of the sequences t 
the human and the murine GM-CSF's. (A 
The cDNA insert of pCSF-1 is bounded b 
Eco Rl Unkcrs. Other restriction sites Toun 
in the sequence are as indicated. The hea\ 
line indicates the position of the open readiF 
frame. (B) The complete sequence of th 
cDNA insert of pCSF-t wu d«ierminvd b 
the dideoxynucleotide chain terminatio 
method following subcloning of fragmeni 
into Ml 3 vectors OT). The predicted amin 
acid sequence of the single long open read in 
frame is indicated below the nucleotide si 
que nee. The position of cleavage of the sign: 
peptide, indicated with an arrow,- was dele, 
mined by amino terminal sequencing of G^ 
CSF isolated from Mo ccU-conditioned med 
urn and recombinant GM-CSF from mediui 
conditioned by COS cells transTectcd wit 
pCSF-I (23). The nucleotide sequence anal> 
9 is of five independent CSP clones (all fro) 
the Mo cell cDNA library) revealed sequcne 
heterogeneity at one position (two clones ha 
the sequence shown while three clones had 
T ai position 358 instead of the C indicate 
here). The nucleotide sequence of the codin 
region of murine lung GM-CSF (&) alone wit 
predicted amino acid changes is indicate 
above the human sequence. The sequence u 
indicated {— ) is deleted in the mouse se- 
quence relative to the human. 



Purification of the natural ant! recom- 
binant CSF's. The purification f human 
-GM-CSF from T cclt-c nditioned medi- 
um proved to be difficult for several 
reas ns. First, the time (JO to 14 days) 
required for colonies to grow in the bio- 
assay made it difficult to follow the activ- 
ity through sequential fractionation 
steps. Second, regardless of the source, 
OM-CSF is always present as a minor 
component of the total protein in condi- 
tioned medium and extensive purifica- 
tion is necessary to achieve homogene- 
ity. Finally, the molecular heterogeneity 
of the GM-CSF protein, which is evident 
as heterogeneity in size, charge, and 
hydroph bicity [see also (/J)J made frac- 
tionati ns based on these physical prop- 
erties inefficient. Nevertheless, using 
conventional column chromatography 
and tw reversed-phase high-perform- 
ance liquid chromatography (HPLC) 
steps, we were able to extensively purify 
the T cell-derived GM-CSF (22). In a 
typical preparation, 40 liters of starting 
conditioned medium yielded 4 to 6 fig 
(about 200 to 400 picomoies) of the natu- 
ral hematopoietin. Sodium dodccyl sul- 
fate-poiyacrylamidc gel electrophoresis 
(SDS-PAGE) of the protein in the most 
active fraction from the final purification 
step revealed that the CSF protein mi- 
grated as a single diffuse band with an 
apparent molecular mass of 18 to 22 
kilodaltons (Fig. 5, lane 2). This highly 
purified GM-CSF had a specific activity 
of 1 x 10 7 to 4 x 10 7 units per milligram 
when assayed with human bone marrow 



m 

Jmgkt cells and was active at 4 to 20 
picomolar c nee nt rat ions in the KG- 1 
cell assay. 

To produce quantities of recombinant 
GM-CSF, wc used DNA transfection to 
introduce pCSF-1 into large numbers of 
COS-1 cells (see Fig. 5) which were 
subsequently allowed to condition medi- 
um in the absence of serum. By this 
procedure wc could readily prepare 4- to 
5-liter batches of scrum-free conditioned 
medium with CSF activity JO to 30 times 
higher than the activity in the T-cell 
conditioned medium. The recombinant 
GM-CSF had fractionation properties 
virtually identical to those of the natural 
protein as described above. This similar- 
ity plus the higher levels of activity gen- 
erated by COS cells greatly facilitated 
the isolation of the recombinant GM- 
CSF {23). In fact, gel filtration followed 
by reversed-phase HPLC yielded 200 >g 
of recombinant CSF from 4 liters of 
conditioned medium (Fig. 5, lane 1), One 
of the most highly purified fractions, 
when analyzed by SDS-PAGE, migrated 
as a heterogeneous band with an appar- 
ent molecular mass, of 18 to 24 kD, a 
result similar to that obtained with the 
natural T cell-derived protein (Fig. 5, 
lane 1). The specific activity of the 
recombinant CSF was indistinguishable 
from that of the. native protein isolated 
from Mo cell-conditioned medium. We 
have been able to prepare milligram 
quantities of such highly purified materi- 
al from the transiently expressing COS 
monkey cells. ? 
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The qJMRtcs of natural GM-CSF pu- 
rified from the continuous T-ccli line 
and the larger amounts of recombinant 
GM-CSF purified from the pCSF-I 
transfected COS cells were sufficient for 
microscquencing of the NH 2 -terminus 
{24). The sequence of the first six resi- 
dues of natural GM-CSF was found to be 
Ata-Prr>Aia-Arg-Ser-Pro. which in iden- 
tical to the sequence predicted from the 
cDNA sequence (Fig. 3) for residues 18 
to 23. This confirms our identification of 
the cDNA as that for GM-CSF and indi- 
cates that the signal sequence is removed 
by cleavage after serine residue 17. With 
the recombinant GM-CSF we deter- 
mined the sequence of the 16 residues 
(Ala-Pro-Ala-Arg-Ser-Pro-Ser-Pro-Ser- 
Thr-Gln-Pro-Trp-Glu-His-Val) corre- 
sponding to the lgth through the 32nd 
amino acids predicted by the DNA se- 
quence. The fact that the same NH?- 
terminal sequence was obtained with 
both natural and recombinant CSF pro- 
vides evidence that the observed molec- 
ular heterogeneity of the purified pro- 
teins is not a result of differential 
processing at the NH r terminus but most 
likely is a result of heterogeneity in car- 
bohydrate modification of the polypep- 
tide. We cannot rule out the alternative 
possibility of COOH-terminal processing 
or other forms of posttranslalional modi- 
fication. In either case, our results 
demonstrated that the expression of a 
unique GM-CSF gene in COS-1 cells can 
produce protein with substantial molecu- 
lar heterogeneity similar to that observed 



Fjg. 4. Nitrocellulose blot analysis of (A) the CSP mRNA and (B) restriction 
fragments of the human CSF gene region. (A) Potyadenylated cytoplasmic RN A 
(5 isolated as described (/6), from Mo cells cultured ror 20 hours in the 
presence of 10 tuV dexamethasone (lane 1); from Mo cells (lane 2); from Mo cells 
cultured for 20 hours in the presence of PHA and PMA (see legend to Fig. 1) 
(lane 3); from C10 MJ2 cells (lane 4); from C10 MJ2 cells cultured for 20 hours in 
the presence of PHA and TPA (lane 5); from UCD-144-MLA cells cultured for 
20 hours in the presence of 5 tuV PMA (lane 6); from FicoJJ-separated peripheral 
blood lymphocytes (PBL's) (lone 7); and from two different samples of PBL'b 
pooled from four donors and stimulated for 20 hours with PHA and PMA (lanes 
c and 9). The samples were fractionated on a I percent agarose gel in the 
presence of 6 percent formaldehyde and transferred to nitrocellulose as de- 
scribed by Kaufman and Sharp (16). The nitrocellulose filter was hybridized 
with the GM CSF cDNA clone labeled with "P to about 5 x lO'cpm/ug withT4 
DNA polymerase replacement synthesis (38). The hybridization was performed 
for 16 hours at WC in a mixture containing 4x SSC (SSC contains 0. 15A# NaCI. 
0.013* sodium citrate. P H 7.4), 5k PM (PM contains 0.02 percent each of 
N *erum albumin, polyvinylpyrrolidone, and Ficoll 400). denatured herring 
jperm DNA (100 >ig/m!) f and the labeled probe (If/ cpm/ml). After hybridiza- 
tion, the filter was washed at WC for several hours in 2x SSC with 0.1 percent 
2»DS and for 30 minutes in 0.2 x SSC with 0. 1 percent SDS. The size markers 
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with the natural purified pro- 
tein. 

Discussion, The isolation by expres- 
sion screening of six virtually idcnticaJ 
independent CSF clones from a library 
of 60,000 clones Buggests that the GM- 
CSF reported here is the major species 
of CSF produced by Mo cells. Alterna- 
tively, CSF's encoded by other mRNA's 
may be m re difficult to convert to full- 
length cONA*s or more difficult to ex- 
press in the COS cell expression system 
and therefore could have been missed in 
the expression screen. Antibodies to the 
recombinant GM-CSF protein would 
help clarify the issue of whether or not 
there are other human proteins with GM- 
CSF activity. 

We have compared the sequence of 
human OM-CSF with all the sequences 
recorded in Genbank including those of 
oncogenes and such growth factors as 7- 
interferon, IL-2, and murine IL-3. and 
with the recently published sequence for 
murine GM-CSF. The only significant 
homology that wc detected was with the 
murine GM-CSF. which was recently 
cloned from murine lung mRNA. Maxi- 
mum homology of the coding regions of 
the human and mouse cDNA's was ob- 
tained by deleting the codons for amino 
acids 18 to 23 and 40 to 42 from the 
human sequences as indicated in Fig. 3. 
The amino acid sequences are then 60 
percent homologous while the nucleotide 
sequences arc approximately 70 percent 
conserved. The sequence of the murine 
signal peptide was not reported, but it is 
Interesting that the processing of the 
human GM-CSF apparently occurs six 
amino acids before the corresponding 
Cleavage site of the mouse protein. The 
positioning of the four cysteine residues 
appears to have been preserved in the 
two proteins, suggesting some impor- 
tance for the location of disulfide bridges 
in the structure of GM-CSF. 

The sequences of the 3' noncoding 
regions of the murine and human CSF 
cDNA clones show little homology, with 
the exception of a long stretch of nucleo- 
tides consisting of Ts and A*s beginning 
roughly 1 10 nucleotides before the poiy- 
adenylic acid sequence in each clone. 
The mouse sequence consisting of 59 T's 
and A*s [nucleotides S42 to .620 in (S)] 
contains within it an almost exact replica 
(93 percent homologous) of a 47-nucleo- 
tide sequence (nucleotides 646 to 692) in 
the human cDNA. Regions rich in A and 
T which share some homology with this 
sequence have been found in the 3' non- 
coding regions of other cDNA's. notably 
the human and mouse sequences for 
interferon a2 (25). Other conserved se- 
quences have been observed in 3' non- 
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coding regions, but the function of si 
sequence elements remains unclear {2i 

Another factor produced by M cells. 
T-cell derived neutrophil rnigrati n in- 
hibit ry factor (NIF-T), has recently 
been purified to homogeneity (27). NIF- 
T was identified by its ability to inhibit 
the migration of human neutrophils in 
vitro, but the highly purified protein also 
proved to have GM-CSF activity (27). 
The partial NH^-terminal sequence de- 
termined from the purified NIF-T exact- 
ly corresponded with the sequence of the 
GM-CSF protein reported here. The 
identity of NIF-T and GM-CSF was con- 
firmed by the demonstration that our 
recombinant GM-CSF -has high levels of 
NIF-T activity (27). Thus a single hema- 
topoietin can not only stimulate the 
growth and differentiation of progenitor 
cells in bone marrow but can also acti- 
vate the biological function of the result- 
ing circulating mature blood cells. These 
results arc consistent with the findings 
that the purified murine O-CSF and GM- 
CSF can activate murine neutrophil cy- 
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Fig. 5. Electrophoresis (SDS-PAGE) of puri- 
fied Mo T cell and recombinant GM-CSF. 
Highly purified Mo OM-CSF (1 u*; lane 2) 
and recombinant GM-CSF (approximately 4 
p£: lane 1) were subjected to electrophoresis 
(13.5 percept SDS-PAGE) in parallel with the 
indicated molecular size markers (lane 3) as 
described {40). The protein bands in the gel 
were visualized by silver staining. The Mo 
OM-CSF was isolated from 40 liters of serum- 
free Mc-COndttioned medium (22). Recombi- 
nant CSF was isolated from 4 liters of serum- 
free conditioned medium from COS- 1 ceils 
transacted with pCSF-1 03). 



'toxic functions {28) and that semipuri, 
ficd human CSF from place ntal-condi- 
lioned medium can enhance the anti- 
body-dependent cell-mediated cytotox- 
icity of human neutrophils (29). Thus 
GM-CSF and NIF-T may have several 
functions, including the stimulation of 
the production of effect r cells and ulti- 
mately the activation of these cells in the 
periphery. With the availability of the 
human GM-CSF cDNA clone it should 
be possible to produce pure CSF in 
quantities sufficient to evaluate the rela- 
tive importance of these activities in vivo 
and to test the clinical potential of CSF 
for the treatment and prevention f gran- 
ulocytopenia and infection. 
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unit of CSF in the bone marrow cell assay Ii that 
amount which will stimulate the formation of 
one colony per 10* cells above background when 
the CSF is below saturation level*. 
R. J. Winzlcr, in The ChcmiiH 
trim in Hormonal Proteins and 
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Recovery of Hormonal Regulation in Protein 

Kinase Defective Adrenal Cells Through DNA- 
Mediated Gene Transfer 



BERNARD P. SCHIMMER,* MARGARET WONG, DONAIEE O'BRIEN, and 
PATVICIA SCHULZ 

Banting and Best Department of Medical Research (8.P.S., P.5.) and the Department of 
Pharmacology (B.P.S., M.W., D.OJ, University of Toronto, Toronto, Ontario, 

Canada MSG 1L6 

AcAMP-resistant mutant (Kin-8) isolated from Yl mouse adrenocortical tumor 
cells harbors a specific lesion in the regulatory su burnt of the type 1 cAMP- 
dependent protein kinase. This mutant also is resistant to the effects of 
corticotropin and cAMP on steroidogenesis, growth and morphology, sug- 
gesting an obligatory role for the protein kinase in regulation of adrenocorti- 
cal functions. In this study, the cAMP-resistant phenotype of the Kin-B mutant 
was reverted by transformation with DNA from cAMP-responsive Y1 cells, 
and the biochemical basts of the transformation was explored. Initially, Yl 
mouse adrenocortical tumor celts were evaluated for their competence as 
recipients in DNA-mediated transformation experiments, by measuring their 
ability to incorporate and express a bacterial gene (neo) encoding resistance 
to neomycin. Y1 cells were transfected with the plasmid pSV2-neo (an 5V40- 
neo hybrid vector designed for expression in animal cells) and screened for 
resistance to the neomycin analog, G418. Neomycin-resistant transforms nts 
were recovered from Y1 cells at a frequency of approximately one per 10 3 
cells per 10 $ig of DNA, and had specific neo sequences integrated into their 
high molecular weight (mw) DNA. The Y1 mutant, Kin-8, then was transformed 
with p$V2-neo DNA plus high mw DNA prepared from cAMP-responsive Y1 
cells. Cells competent for transformation were recovered by selective growth 
In the neomycin analog G418, and these transformants were screened for 
recovery of morphological responses to cAMP. Several colonies capable of 
rounding up in the presence of cAMP were recovered after transformation 
with DNA from Y1 cells. These transformants also recovered the ability to 
round up In the presence of corticotropin, and were able to respond to both 
corticotropin and cAMP with increased steroidogenesis. Transformants gen- 
erated from either Yl or Kin-8 cells were unstable. Y1 cells lost resistance to 
neomycin when grown in the absence of C41fl at a frequency of 4% per 
generation. Similarly, Kin-8 transformants lost their sensitivity to cAMP in 
subsequent culture passages. In some of the cAMP-responsive transformants, 
cAMP-dependent protein kinase activity was recovered and approached the 
activity seen in cAMP-responsive Yl cells. The recovery of a normal protein 
kinase by transformation appeared to have been sufficient to reverse the 

cAMP-resistant phenotype of Kin-8 cells. In other cAMP-responsive transform- 
ants, protein kinase activity was not appreciably affected by cAMP, In these 
latter clones the gene encoding responsiveness to cAMP may have been lost 
in the interval between assays of adrenal-specific functions and protein kinase 
activity. Alternatively, these clones may nave acquired another gene, unre- 
lated to the protein kinase, which was capable of reversing the cAMP-insen- 
sitive phenotype. 




have been approached by isolating mutants from bo- R*»lv«d May 29. 1985: accepted August 29, 1985. 
ma tic cells in culture and then by analyzing their bio- *1b whom reprint requests/correspondence should be addressed. 
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volved in the regulation of adrenocortical functions 
ShSmer 1SS1) For example, the iso ation ajridbar- 
a^rSn of cAMP^esiHtant, protein ^naee^ective 
Sr!tefrom the Yl adrenal line hashelped to esteb- 
UBhoblieatory roles for cAMP and cAMP ^j* 1 "^ P*°- 

«n (Rae et al., 1979; Williams et aL. 1983; Schmmer et 
5 So5X Nevertheless, these genetic approaches have 
w n limited by the availability of suitable schem* i for 
£ S of mutants. In addition, the P^sibihty^t 
the phenotypes which arose after mutagenesis and selec- 
{£ P re3Sfrom multiple mutational events always 

^Mj^rf techniques to transform animal 
cellTwith isolated DNA (Wigler et al., 1977) **** 
Dotential application in the genetic analysis of cAMT 
Metabolism and action in vitro. These techmqueflp^it 
introduction of specific genes into cells in order to 
determine their influences on specific phenotypes and to 
facilitate the isolation of specific genes far <m» of 
Sture and function (see Scangos and 
for review). Different cell typeaTWever, ™» 
competence to stably incorporate and expre^e^nous 
ON/Land only a few differentiated cell lines are avail- 
able for this type of analysis. Accordingly, most studies 
teaMfonnatfen in animal cells have been earned out 
using fibroblasts from mouse or Cb^se hamster ovary 
<all7(Gotteaman, 1979X In view of the potent^ apph^ 
cations of DNA-xnediated transformation to studies of 
corticotropin and cAMP actions, we have evaluated the 
e^ntto^hich mouse adrenocortical ^unor 
incorporate and express exogenous DNA- In addition, 
we have used DNA-mediated gene transfer to reverse 
the cAMP-reeistant phenotype associated with protein 
kinase defective, Yl adrenal mutants. 

MATERIALS AND METHODS 
Cells and methods of culture 
The Yl cell line is a stable, ACTH-responsive subclone 
(Schimmer, 1979) of the mouse adrenocorti^ U^^U 
line originally isolated by Yasumura et el. (ldW. The 
c^^esSated Kin* is a cAMP -resistant mutant, of 
Yl which has been characterized extensively and which 
contains a mutation in the gene coding Cor the regular 
torv subunit of the type 1 cAMP-dependent protein ki- 
S^^etal.,W9;Doherty et al , 1982; Williams 
andSchtamer, 1983J Schiinmer. l^X Oellswere grown 
*fl monolayers in Nutrient Mixture F10 (Ham, 1968), 
Bupplemented with horse serum (15%; heat Inactivated), 
fetal bovine serum (2.6%; heat inactivated). P«ucxllin 
(200 units/ml) and streptomycin (200 ti&miy A detailed 
description of the methods used to culture Yl cells was 
presented previously (Schimmer. 1979). 

Isolation of DNA 
Supercoiled pSV2-neo DNA (Southern and Be^l9S2) 
was isolated from growing cultures of E. cob HB101 
using detergentrlyais and centrifugation in CflCUMan- 
iatiset aL, 1982). DNA of high mw was isolatedfrom Yl 
adrenal cells aa described by Wigler et al. (If 79 ); «» 
was collected by spooling onto sterile glass rods. A 1.8- 
Kb fragment containing the neo gene segment was pu- 
rifled from pSV2-neo DNA digested with tte restnction 
enzymes, Hind III and Sma I (Southern and Berg, 1982, 



Jorgenscn et al., 1979). The T^^^§*^^ 
labeled by nick translation with [alpha-^PldCTP (Man- 
iatis et el., 1976) to a specific activity of approximately 
4.0 x 10 8 cpm/Mg DNA. 

Transection of cells with exogenous DNA 
Mouse adrenocortical tumor cells were grown in 
25 x ISO ram plastic tissue culture dishes to a density 
of 5 x 10 6 cells per dish, and transferred to alpha mini 
mal essential medium (aMEM) (Stanners et al., W71) 
supplemented with horse and fetal ^ bovine Beta. Cells 
were transformed with pSV2neo and Yl DNA using the 
DNA-calcium phosphate precipitation technique oe- 
SteTb? GrahaTand va^i der Eb WIS) Cell* were 
incubated with the precipitated DNA for 24 h at 37 C, 
incubated in fresh growth medium for an additional 24 
h, and then grown in the presence of the neomycin 
analog, G418 (100 M g per ml F10 growth mediumUor 2- 
8 weeks. To determine the frequencies of transTorma- 
tion, cells were subcultured into 15 x 100 mm tissue 
culture dishes at a 1:20 dilution P allowed to attach over- 
nieht, and then grown in the presence of G418. Surviv- 
ing colonies were stained with 1% methylene blue m 
70% i8opropanol and counted. 

Steroid production 
Steroid production was measured as described by Gut- 
mann et al, (1978). Cells were incubated in 2 ml of 
oMEM supplemented with serum for the times indi- 
cated. At the end of the incubation, steroids were ex- 
tracted from the medium vith methylene chloride and 
quantitated by fluorescence in acidic ethanol using cor- 
ticosterone as a standard. 

Protein kinase activity 
Protein kinase activity was assayed as described pre- 
viously (Gutmann et al., 1978) by measuring the trans- 
fer afkp from ATP to histone F2B in the presence of 
varying concentrations of cAMP. Enzyme activity was 
assayed at 30 °C for 3 min using a 100,000g supernatant 
fraction prepared from cell homogenates. The reaction 
mixture contained 35 Mg of t cellular Protem, 100 ag « 
histone F2B, L60 ug albumin. 10 mM MgS0 4l 10 mM 
dithiothreitoL 0.5 mM 3-isobutyl 1-methylxanthine, 5 
mM NaT, 20 ^M [ganuna^PjATP (100 to 200 cpnV 
nmole), 20 mM 2<N-morpholino)ethane sulfonic acid(pH 
6.5), and cAMP as indicated in a final volume of 250 jil. 

Rcajcentft 

Powders of Nutrient Mixture F10 and aMEM, sera, 
G418 (420 iighng), and the restriction endonucleases 
Hind UL t Bam HI, and Eeo Rl were purchased from 
Gibco Canada Inc., Burlington, Ontario. Cesium chlo- 
ride, trizma base, corticosterone, cAMP, 2<morpholin )- 
ethane sulfonic acid were obtained from Sigma Chemi- 
cal Co., St. Louis, Missouri. Bovine serum albumin (Pen- 
tax) was from Miles Laboratories Inc., Elkhart, Indiana; 
BBrcAMP and the restriction endonuclease Sma 1 were 
from Boehringer Mannheim Canada, Dorval, Quebec; 
dithiothreitol was from Calbiochem-Behring Corp., La 
Jolla, California, [alpha ^IdCTP (3000 Ci/mmol) was 
from Amersham Canada Ltd., Oakvilie. Ontan ; 
[gamma-^PjATP (20-40 Ci/mmol) was from New En- 
gland Nuclear, Lactone, Quebec. 
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RESULTS 

Transformation of Yl cells with pSV2Tieo DNA 

In order to determine if Yl mouse adrenocortical tu- 
mor cells were competent recipients of exogenous DNA 
in transection xperimenta, Yl cells were transfected 
with pSV2-neo in the absence of carrier DNA and scored 
for resistance to the neomycin analog, G418. Yl mouse 
adrenocortical tumor cells were reproducibly trans- 
formed to a neomycin-resistant phenotype with a fre- 
quency of 0.8 ± 0.2 transformants per l(r cells per 10 
jig pSV2-neo DNA (n = 4). Transformants were detect- 
able with 0.05 ug of pSV2-neo DNA per 5 x 10 s recipi- 
ent cells and their number increased with increasing 
concentrations of plasmid DNA. When transformants 
were grown in the absence of G4L6, neomycin resistance 
was lost at a rate of approximately 4% per generation 
td.ita not shown}. Sequences homologous to a 1.3 kb 
segment of the neo gene were detected by hybridization 
of the probe to DNA prepared from transformed cells, 
but not by hybridization to DNA prepared from the 
untranftformed Yl parent. Before digestion with restric- 
tion endonueleaaes, the neo sequences in transformed 
cells were associated with high mw DNA. After diges- 
tion with Eco Rl or Bam Hi, prominent neo sequences 
were observed on fragments of DNA ranging in si^e 
from 2 kb to 14 kb, and linearized pSV2-neo plaamid 
also was liberated (data not shown). These results indi- 
cate that in a large proportion of Yl transformants, the 
plasmid was incorporated at multiple sites in the Yl 
genome and in many cases, as concatameric structures 
(Perucho et al., 1980). 

Isolation of cAMP-respon&ive transformants from the 
protein kinase mutant, Kin-8 

cAMP-reaponsive tranafbrmants were generated from 
thw- cAMP-resistant mutant, Kin-8, by co-tranafbrmation 
with 40 $tg of genomic DNA from cAMP-responaive Yl 
cells and 2 *ig of pSV2-neo DNA. The pSV2-neo gene 
provided a dominant selectable marker, facilitating the 
recovery of those Kin-8 cells able to take up and express 
exogenous DNA (e.g., Wigler et al. t 1979). G418-reais- 
tant tranaformants then were screened for recovery of 
cAMP-dependent regulatory processes by measuring 
their ability to round up in the presence of the cAMP 
an.ilog, SBrcAMP (Schimmer et aL, 1985). The fre- 
quency of transformation to G418 resistance measured 
in the presence of Yl DNA was seven transformants per 
10 s cells with 2 /ig of pSV2-neo DNA. This frequency 
was much higher than that measured in the absence of 
Yl DNA, indicating an enhancing effect of carrier DNA 
on the transformation process. When the neomycin-re- 
sistant transformants were treated with 0.4 xnM 
8BrcAMP for 24 h and screened by microscopic exami- 
nation for colonies that rounded up in the presence of 
th . cyclic nucleotide, nine colonies of rounded cells were 
identified and isolated using stainless steel cloning cyl- 
inders. Several of these colonies were replated. screened 
for sensitivity to SBrcAMP, recloned and maintained in 
F10 growth medium supplemented with G418 (100 ngf 
ml). Rounded colonies of cells were not found among 
tranafbrmants generated with p5V2-neo DNA in the 
absence of Yl genomic DNA. The effects of ACTH on 
the morphology of two transformants recovered after 
tr;! vsfection of Kin-8 cells with Yl DNA are shown in 
^itfure 1, These clones grew as well-stretched monolay- 



ers of cells in regular growth medium; however, when 
treated with ACTH (Fig. 1) or with SBrcAMP (not 
shown), the cells retracted from the monolayer and as- 
sumed a rounded morphology. These morphological re- 
sonses to ACTH and SBrcAMP also were observed in 
the other tranaformants recovered in the screening pro- 
cess. In contrast, G418-resist&ot Kin-8 cells, transformed 
with pSV2-neo DNA in the absence of Yl DNA, were 
resistant to these effects of ACTH (Fig. 1) or SBrcAMP 
(not shown) on cell shape. 

Steroidogenic activity in cAMP-responsive 
transformants 

In order to determine if the recovery of cAMP-depen- 
dent morphological responses in transformants was ac- 
companied by similar recoveries in other adrenocortical 
functions, the steroidogenic activities of transformed 
cells were evaluated (Table 1). The transformed cells 
were divided into two groups and assayed for steroido- 
genic activity at separate times. The first group was 
assayed for steroidogenic activity approximately 11 
weeks after the clones were isolated. The second group 
was assayed 16 weeks after the clones were picked* In 
both sets of transformants, ACTH (10 mU/ml) and 
8BrcAMP (1 mM) significantly increased the production 
of steroids (p < 0.05). The effects of ACTH and SBrcAMP 
were similar, and resulted in rates of steroidogenesis 
which were approximately six-fold over the basal level 
(Table 1). In contrast, steroidogenic activity in the Kin- 
8 clone transformed with pSV2-neo DNA alone was not 
stimulated by ACTH or 8BrcAMP (Table 1). The levels 
of steroids produced by the two groups of clones, how- 
ever, were significantly different This difference likely 
resulted from an instability of the cAMP-responsi ve phe- 
notype, causing steroidogenic activities to fall approxi- 
mately four-fold during the 5-week interval between 
assays (Table 1). The instability of the acquired pheno- 
type also was observed when clone Si (Table 1) was 
reassayed for steroidogenic activity. After an additional 
11 weeks in culture, clone Si responded to 8BrcAMP 
with increased steroidogenesis, but the levels of steroids 
produced were at least 90% lower than seen in the ini- 
tial assays (not shown). 

cAMP-depertdent protein kinase activity in cAMP- 
responsive transformants 

During the 8-week interval between assays of steroi- 
dogenic activity (Table 1), the tranaformanto were ex- 
amined for cAMP-dependent protein kinase activity. 
Protein kinase activities measured in the transformants 
were compared with the activities observed in cAMP- 
responsive Yl cells and in cAMP-resistant Kin-8 cells 
(Fig. 2). Protein kinase' activity, measured in superna- 
tant fractions prepared from homogenates of Yl celts, 
was stimulated approximately ten-fold by cAMP to a 
maximum of 1050 ± 20 units of enzymatic activity. The 
concentration of cAMP required to elicit a half-maximal 
response (ED50) was 0.09 ± 0.01 uM. Protein kinase ac- 
tivity measured in the Kin*8 mutant (transformed with 
p5V2-neo in the absence of Yl genomic DNA) was con- 
siderably less sensitive to cAMP and was increased ap- 
proximately two-fold over basal activity at 10 uM cAMP. 
The protein kinase activities of the cAMP-responsive 
transformants fell into two groups. In one group (two 
clones), the protein kinase was stimulated by cAMP to a 
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Effects of ACTH orrthe Morphology of Kin-8 Transfectants 



Kin 8-neo r 




S-2 



S-3 




fULl, RffocU of ACTH on the morphology of cAMP waponalve tran* 
tbrmants. Oil. were incubated in aMEM plu» «nffl»te 34 h in the 
prcaeace (+) or abeoncc (-) of corticotropin (10 mU/mU, and pW 
graphed under phase contrast. Shown are: clones S-2 and M—cAMr- 



ACTH 



respond Tt derivatives of the cAMP-roaiatant mutant Kin-fi, formed by 
■ co^raufection with pSV2-oeo DNA and Yl genomic DN A; KinS-neo*-- 
i celU transformed to neomycin resistance with pSV2-neo in the 
! _*. B rf yl DNA. 



greater extent than the eniyme from the mutant Kin^. 
In this group, the maximal activity achieved with cAMP 
approached that obtained with the enzyme from the Yl 
parent The EDso of the enzyme for cAMP (0.26 ± 0.03 
^M) was approximately 2.5 times greater that the EDgo 
of the Yl enzyme (Pig. 2). The cAMP responsive enzy- 
matic activity in this group was unstable, and, after an 
a d dit fo*"** 3 weeks in culture, was lost (data not shown). 
In the second group of cAMP-respon&ive transfbrmanta 
(five clones), protein kinase activity was relatively in- 
sensitive to cAMP at all times of assay, and was not 
significantly different from the activity observed in 
cAMP*resistant Kin-8 cells (Fig. 2). 



DISCUSSION 
1 A number of mutants, c^aignated^Kin, were isolated 
i from Yl adrenocortical tumor cells and were shown to 
be resistant to the effects of ACTH and cAMF on steroi- 
dogenesis, growth, and morphology (Schimxner et aL, 
1977; Ree et al., 1379). Several lines of evidence sug 
gested that the cAMP resistant phenotype in these mu- 
tants resulted specifically from a lesion in the gene 
coding for the regulatory subunit of the type 1 cAMP- 
dependent protein kinase: The type 1 enzyme, the major 
isozyme form in Yl cells, had a reduced affinity for 
cAMP in mutant clones whereas the type 2 enzyme 
behaved normally (Outmann et al.» 1978; Schimmer et 
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Steroids (Mf^ m B protein) 




Cell HnC 


Basal 


ACTH 


BBrcAMP 


Group 1 
&1 

S-2 
S-3 


0. 1 ± 0.1 

1.4 i 0.1 
1.1 ± 05 

1. a ± o.i 


0.4 t 0.4 

> 10 
6.5 ± 2.8 

> 10 


0.3 i 0.2 

> 10 

> 10 

> 10 


W roup 2 
S4 
» 
C-i 
C-? 


0.6 ± 0.1 
0.4 ± 0.1 
0.4 ± 0.1 
0.6 ± 0.2 


2.9 ± 1.3 
3.6 1 0.1 
2.6 ± 0.3 
3.4 ± 0.8 


2.9 ± 0 6 
2.3 i 0.3 
2.7 ± 05 
3.1 ± 0.7 



l cAM?*ftApoiuiv« tran*f«rmanta of the cAMP-reatatanl muUnt KtnS were 
Avidod into two group* and aaaayed for tteroidogenlc activity with an mWrryl 
of £|w**ka between aouya. B4creUfea«.ic activity alao wo* measured m □ 
derivative of the eAMP reaiatant mutant KIn-B OXinSow') tranafcrnwd with 
pSVBfieo PNA in the atoac of VI genomic DNA. Steroid nreducttoa w« 
£juved In triplicate, in cell svmolayera containing approximately 1 mg protein 
PUU. Corttootroplo CACTH), 10 mU/ml. or oBrcAMP. lmM, were added as 
'indicated. 



1200 r- 




10.0 



CAMP.//M 

Pig. 2. Protein kinase activity in cABAP-raspoasive tran&formante. 
Protein kinase activity was eaaayed by measuring the transfer of M P 
fr .m ATP to hiatond F-2B aa described in Materials and Method*. One 
unit of activity equalled 1 pmol P transferred per min per mg protein, 
Enzyme activity wan samayed u a function of cAMP concentration in 
extracia from Yl (O), rUP*-™*» r (A) and cAMP-renponsivc tranaform- 
anta 8-1 < v*\ 8^8(9) and 6-3 (DX 



al., 1979); the regulatory eubunit of the mutant type 1 
enzyme was structurally altered and waa responsible for 
the aberrant behavior of the protein kinase (Doherty et 
i\\ tf 1982); the altered structure of the regulatory subunit 
was seen in cell-free translation systems primed with 
mRNA from the cAMP-resistant clones (Williams and 
Schimmer, 1983); provision of normal regulatory sub- 
unita to cAMP-resistant clones by cell fusion restored 
normal cAMP-dependent protein kinase activity, and 
concomitantly restored the mutants to a cAMP-respon- 
sive phenotype (Schimmer et al„ 1985). 

In this study, we attempted to restore cAMP-depen- 
d"nt regulation in the protein kinase mutants of Yl 
u:ll& by transformation with DNA from cAMP-respon* 



sive Yl cells. Based on our previous studies, we pre- 
dicted that cells which acquired the gene coding for a 
normal protein kinase regulatory subunit would behave 
like the original Yl parent, particularly in terms of 
characteristic responses to corticotropin or cAMP 
(Schimmer, 1981). We also considered as passible that 
the Kin mutants could acquire additional copies of Other 
genes capable of reversing the cAMP-resistant pheno- 
type— e.g., genes coding for components of the cAMP- 
responsive pathway beyond the protein kinase. In the 
latter case, other elements of the cAMP responsive do- 
main might be identified. We attempted the transfer of 
wild-type genes into Kin mutant cells because previous 
experiments involving cell fusion indicated that the Kin 
mutation behaved recessively in the presence of addi- 
tional, wild-type regulatory subuniU (Schimmer et al. v 
1985). In this regard, attempts to transfer cAMP-resis- 
tance into Yl cells using DNA from the mutant Kin-8 
were not successful (M. Wong and B.P. Schimmer, un- 
published observations). 

Experiments were conducted initially to determine 
the competence of Yl adrenocortical tumor cells with 
respect to transformation with exogenous DNA. The 
results presented here demonstrated that Yl adrenocor- 
tical tumor cells were amenable to transformation with 
the transducing vector, p9V2-neo (Southern and Berg, 
1982). Trarisformation of Yl cells to a neomycin-reBis- 
tant phenotype was dependent upon the concentration 
of pSV2-neo DNA, and was associated with the uptake 
ana integration of neo sequences into the Yl genome. 
The frequency of txansformation in Yl cells, approxi- 
mately 10 ~ 3 tiTOsformants per cell per 10 j*% of DNA, 
was equivalent to the frequencies reported in fibroblast 
lines by Southern and Berg (1982). The frequency of 
transformation appeared to be enhanced 30-fold when 
transformation was carried out in the presence of carrier 
DNA. The effect of carrier DNA on frequencies of trans- 
formation has been noted previously in fibroblast lines 
(e.g., Abraham et al. f 1982). 

Having established that Yl mouse adrenocortical tu~ 
mor cells could he transformed with exogenous DNA, 
we attempted to isolate cAMP-responaive transformants 
from the cAMP-resistant mutant, Kin-8. Of the Yl(Kin) 
clones, this mutant was most resistant to cAMP and had 
the least responsive cAMP-dependent protein kinase ac- 
tivity (Rae et al.; 1979). When treated with corticotropin 
or 8BrcAMP, cells from .this clone did not round up; 
instead they retnsined flattened on the surface of the 
culture dish (e.g., Pig. 1). The selection of cAMP-reBpon- 
sive transformants from Kin-8 cells involved cotransfec- 
tion with pSV2-neo DNA and with Yl DNA. Cells 
competent for transformation were selectively grown in 
the neomycin analog, G418, and then were screened for 
morphological changes indicative of their responsive- 
ness to BBrcAMP. Whereas single rounded cells could 
be seen occasionally in control populations of Kin-8 cells, 
colonies of rounded cells were observed only in popula- 
tions transformed with genomic DNA from Yl cells. 
Inasmuch as the detection of cAMP-responsive clones 
was baaed on a screening process, it was difficult to 
determine the frequency of transformation to a cAMP- 
responsive state. Crude estimates suggested that cAMP- 
responsive clones were recovered from the total popula- 
tion of transformants with a frequency of two to five 
transformants per 10 4 cells. The spontaneous rate of 
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reversion to a cAMP-responsive state could not be mea- 
sured by this screen, but appeared to be lower than the 
frequency of tr nsformation. These transformants also 
recovered the ability to respond morphologically to cor- 
ticotropin (Pig. 1), and to respond to both corticotropin 
and SBrcAMP with increased steroidogenesis (Table IK 
The cAMP responsive tranaformanta likely incorporated 
a large proportion of the Yl genome randomly (Scangoe 
et al M 1981), and therefore may have expressed many 
genes from the Yl cell line. Our results, however, were 
obtained with seven different transformants sug gestin g 
that the recovery of responsiveness both to corticotropin 
and to cAMP resulted from a single gene, rather than 
from several genes. Therefore, the data suggest that 
corticotropin and cAMP act through common pathways 
to regulate the morphological and steroidogenic re- 
sponses of the adrenal cell line. 

The transformants of mouse adrenocortical tumor cells 
reported here were unstable. Under non-selective condi- 
tions, transformants lost the neo gene with a frequency 
of 4% per generation. In addition, cells transformed with 
Yl DNA lost the potential for steroidogenesis when 
maintained in culture (Table 1). Unstable transformants 
have been observed using other cell lines, though stable 
derivatives eventually emerged from these populations 
(Scangos and Ruddle, 1981). Whether stable clones will 
emerge from the cAMP-responsive Kin-8 transformants 
has yet to be determined. The instability of the trans- 
fonnants suggests that cAMP-responsiveness arose as a 
consequence of gene transfer rather than spontaneous 
reversion; however, this instability also has complicated 
the assignment of specific genes to the cAMP-responsive 
phenotype. In some clones, the recovery of morphologi- 
cal and steroidogenic responses to ACTH and cAMP 
were associated with the recovery of cAMP-dependent 
protein kinase activity (Fig. 2). The apparent affinity of 
the protein kinase from transformants for cAMP was 
somewhat lower than that for the enzyme from the Yl 
parent. The lower affinity for cAMP seen in transform- 
ants may have resulted from competition between wild- 
type »™ mutant protein kinase subunits for the holoen- 
CTme as discussed previously (Schimmer et al., 1985X 
These data imply that the acquisition of a cAMP-respon- 
sive protein kinase is sufficient to restore Kin-8 mutants 
to corticotropin- and cAMP-responsive states. In some 
cAMP responsive transformantSi the protein kinase was 
insensitive to cAMP and indistinguishable from the Kin* 
8 mutant (Pig- 3). These latter clone* may have been in 
a state of transition; initially, these clones may have 
recovered cAMP-dependent protein kinase .activity, but 
then many cells may have lost the corresponding gene 
leaving only a residual undetectable level of cAMP- 
dependent protein kinase activity. Alternatively, these 
clones may have acquired another gene which was ca- 
pable of reversing the cAMP-insensitive phenotype. 

In view of the foregoing experiments, it may be possi- 
ble to use DN A-rnediated transformation to evaluate the 
roles of specific, cloned genes in hormonal regulation of 
adrenocortical functions. It would be of interest to deter- 
mine: 1) if a cloned gene encoding the regulatory sub- 
unit of the type 1 cAMP-dependent protein kinase 
restores a cAMP-responsive phenotype to these cells; 2) 
if a cloned gene encoding the regulatory subunit of the 
type 2 enzyme functions similarly; and 3) if other genes 



override the mutation affecting the protein kinase and 
restore responsiveness to corticotropin and cAMP. 
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C04 glycoprotein on the surface of T cells helps 
in the immunR response and is the receptor for 
HIV infection. The structure of a snluhle fragment 
of CD4 determined at 2.3 A resolution reveals that 
the molecule has two intimately associated 
Immunogiobutin-iike domains. Residues implicated 
in HIV recognition by analysis of mutants and anti- 
body binding are salient features in domain pi. 
Domain D2 is distinguished by a variation on the 
/J-stranri topologies of antibody domains and by 
an intra-sheet disulphide bridge. 



CDa, s cell-surface glycoprotein found primarily on T lym- 
phocytes, ia required to *b&pc ilic T-ccll repertoire during thymic 
development and to permit appropriate activation of mature T 
cells 1 . T cells ibfit recognize antigens associated with class II 
major hlstocojii^uiibiliiy complex (MHC) molecules, mainly T 
helper cells, express CD4. Evidence is accumulating that CD4 
end the T-celJ receptor coordinate]? engage class II molecules 
oil eijUgcu-prcsemlng cells to mediate an efficient cellular 
immune response, and thar engaged CT\d rn«y transmit a signal 
to an associstcd cytoplasmic tyrosine kinase. pS6 kk . 

CD-* belong to the immunoglobulin superfamily of molecules 
which penerally serve m recognition processes 1 - 5 . The que nee 
of CD4 4 * 3 indicates thar it consists of a large (—370 residues) 
extracellular sr^jncni composed of Tour tandem immuno- 
globulin-likc domains, a single transmembrane *p»n, and a short 
(38 residues) C-tcrminal cytoplasmic tail. The first domain (Dl) 
jjisic* *rvcrdl features with Immunoglobulin variable domains, 
but the sccvence simile rici** h^twrrn immunoglobulins and 
the other extracellular domains (D2, D3 and D4) are more 

ICUIUlV. 

In humsns. CD4 on he jenhv*rtr.d from its normal immvno- 
juppenive role to become the receptor for infection by the 
human Immunodeficiency virus (HIV) Recombinant soluble 
CD* proteins bind in ih#i HIV envelope glycoprotein gpl20\ 
end can thus inhibit viral infection and virus- mediated cell 
(Wun in vitro in ft fi, S and references therein). Domain Dl 
suffice* for high-? Minify binding to gpl20 (raf. 8), and tbe enoly- 
sis of substitution mutants further limits the sites of interaction 
10 discrete regions in tfte domain 0,10 * 1 '. 

Crystals ofwhnlr. so hi He CDd (tCD4) moJccuUr have been 
grown 19,20 but there has been limited success in achieving 
adequate ditfrsction order. The high solvent content and weak 
diffraction rtrtrvrrsl char&cteriaod polymorph* of hurocn sCD4 
ere compatible with an extended, flexible molecule 19 . From the 
psttern of proteolytic clesveges thai generate stable fragments 
(reft 21-53 and unpublished result*), the main flexibility sccma 
to be at the D2 to D3 junction. We have now crystallized a 
truncated derivative of CUfl tbst ditfrect? well, and here we 
report its atomic «»mn»ire. Thii recombinant frogmcnt* es 



sftocted from China* a hansUr ovary (CHO) cells couatsu of 
residues 1*183 of human CD4 phis two roissense residues* 
Asp-'lnr; and it is unglycosylated. This molecule, which we refer 
to at D)D2, teas active oasCXMia bidding to gpl20X J isMMiatt n 
constant K a = 3 nM) and retains all antibody epitopes mapped 
to these domains orCD4 (ref. 8 and unpublished results). Others 
have cryttaJJlacd similar fragments from the N-tcrzuiu*l ImlT of 
sCD4 2AJS and the structure of one is reported Id the accompany- 
ing paper". 

Hare we describe the D1D2 structure io couipurisoa with that 
of immunoglobulin domains, provide a geometrical definition 
for HIV recognition sites, and discuss implications of the 
ctruotvrc for normal CD4 function «uU evolution Of Use 
immunoglobulin family. We find that the domains of CD4 are 
indeed immunogJobuttn-Hke, although there are significant 
differences from the antibody analogues. The poa«*4y vile* for 
HIV interaction are on loops that protrude from the variable-like 
Dl domain in analogy with immunoglobin complementarity- 
determining regions (CDRs). Tlic D2 dumuin, wfilch Is inti- 
mately associated with Dl, resembles constant domains but ft 
is distinguished by a straod topology that is variable-like. 

Structure determination 

D1D2 protein secreted from CHO cells was purified t 
homogeneity by following procedures »Iu*il»i tu Uiukc used for 
sCD4 (rcf. 26). Crystals of this protein grown from polyethylene 
glycol (PEG) and stabilized at pH 8.2 (Table 1) belong to space 
group C2 and have unit cell dlmcuaiou* uf u ■* 83.71 A, 
30.07 A f c = 87.54 A, 0 = 117.3". They contain one D1D2 
molecule per asymmetric unit and 50% solvent. In searching f r 
derivatives, w C soaked crystal* into stablliutiuu medium doped 
with various heavy-atom compounds. 

Diffraction data for the structure determination (Table 1) were 
measured at a,> aicn detector facUiry 2 * where we Collected LMKa 
data for the native protein and for candidate deri varfvea. Ohwrv. 
able intensities could be recorded to 15 A spacings from fresh 
notive crystals, and even uiuie strongly from the KjFUNOj)* 
derivative. We could also measure multiwavclengrh annmalous 
diffraction (MAD) data from this platinum derivative using 
cb ore ct eristic gold cuibsiuu lines which bracket' the FlLfn 
absorption edge 24 . Phases were evaluated by both multiple 
isomorphous replacement (MIR) and MAD methods (Table 1). 
Electron dejishy maps from MIR phasing (Including anomalous 
data) at 2.7 A resolution and from MAD phactng at 3.5 A 
resolution both showed similar features. We then probabilisti- 
cally combined MIR and MAD phase Information to produce 
a combined map ai 2.7 A resolution (Fig. tit) which showed 
distinct solvent channels and an apparent two-domain structure. 
A confide d i din -tracing consistent with the amino-aad 
sequence for the first domain was possible, hut the. &*rond 
domain remained difficult to interpret. By using a> hand*drawu 
moiccal&i envelope, wc then performed solvent flattening and 
density truncation to improve the map further (Fig. 1h). Thi* 
enabled us to trace the chain through the second domain. The 

C-tcrminal 12 residues (174-185) could not be seen. 
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A complete model was built into the solvent^ucned map 
a. dbpkycd by FKODO" pro B ram on a graphic workstation. 
F»gZn» from well-refined sutures were htied omo C« 
£ dc poinu measured from a mining and used « 
point for building. Refinement made use of PROLSQ and 
XPLOR" programs and included several manual rebuilding 

Resolution of the .nalym *** H^^V^ a-° 

After analysis of model 5 (Table 1) ac * = 0.208, we ^covered 

on comparing manuscript* that this model and one developed 



by Wang « oX 33 diflered in the alignments of sequence in two 
strand* (£ of Dl end B of D2) and in conforroationfl et residues 
I, 103-106, 134-139 and 151-154. We then tested a model with 
residues 66-73 and 112-120 positioned in the former places of 
64-71 and 114-122, respectively, and with tbt 134-139 region 
also rebuilt Further refinement produced model 6 (Table 1) 
with an R value of 0.196 and stereochemical ideality typified 
by an i.m^. deviation of 0.018 A from ideal bond lengths. Study 
of this still incompletely refined model confirms the revised 
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FIG. 1 Elenron-oenslty disuibuttoro used In the structural determinaUoa 
The ponton displays C 1 in each panel Induces the segment Phe 27- 
Irp 26-ly& 2$ with iht per;ielly refined model 5 (yellow) superimposed on 
the oensHy (blue). a> LAperlmentsl map et 2.7 A resolution besed on combined 
MIR plus MAC phase information; m=0,58. b. experimental map et 2.7 A 
resolution after phast refinement by solvent flattening end density trunca- 
tion. /7J = C66. c Rermee 21*^.1 -l^e-J map with mooel phases after 
refinement at 2.3 A resolution; /?«= 0.208. « 

aJi&nment in Dl and supports the changes made in D2, although 
several loops in D2 remain ill-defined. All conclusions drawn, 
from model 5 remain unchanged, but the precise numerical 
quantities and Figs 2b t A and 5a were redone from model 6. 

Overall structure 

The D1D2 structure is of the all-/) type, li consists of two 
intimately associated domains, each of which is a ft sandwich 
folded with immune globulin-strand topology. The polypeptide 
folding is shown in Fig. 2. The first domain (Dl) comprises 
residues 1-98 disposed in nine p strands, and the second domain 
(D2) contains residues 99-173 and has seven p strands. These 
domain boundaries are in striking correspondence with imron 
boundaries immediately after residues 100 and 177 in the gene 
structure 9 . The suggestion thai J-li)ce regions follow these introni 
is not borne out by the structure. 

The last strand of Dl continues straight into the first strand 
of D2, running for a length of 49 A from residues 88*103. This 
tandem association of domains leads to a rod-shaped molecule 
of dimensions roughlj 25 x 25 x 60 A. By comparing the solvent- 
accessible jurfsct sits of D1D2 with that of tht separated 

fIG. 2 Backbone struc:urt of tne D1D2 fragment of CO*, a Schtmstie 
diagram (copyright \e'moiir»ski and Hsndrickson, 1990). t ?ttreoa.egram 
of tne o-ce'bon bec^ont. F-osiUons of residue number* civisiDIt by ten 
ate indicated by small spheres, sulphur atoms in disulpnioe bridgts are 
indicated by la/ger spheres. The point of view is down the T wit after 
rotations etiom X(100°). 2*(-30*). Y'(-sW) and X* (10*J starting with the 
frame having X, Y, Z along a, b and c*. 




NATURE * VOL 348 • 29 NOVEMBER 1990 



ARTICLES 



domains, we found thai 310 A 2 from each domain « b«oed in 
the interne. Tlib compact with WO A' fo« the Vii- Ch inter- 
face of Fab New". Imerdomein contact* bre largely hydro- 
phobic. Residues involved in intctdomain contacts include Val 3, 
Leu 3 lie 70, Leu 90, VbI 97 and PUc S6 from Dl, and Clu IIS, 
Fro 121. Cln 163. Val 16c and Pbt PO from D2. Tht surface of 
bat many positively charged amine acids (Ihc calculated 
pi of residues 1-163 i6 10.0), bud 0u cUcticsteuc pouniia 
surface" computed from the model is mostly positive ex neutral 
pH. Thcit are, however, two prominent patches of negative 
potential: one Is associated wiib Olu It, GIu £7 and Asp BE and 
tht other is from Asp 105. Asp 1*3 *nd Asp 173. 
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• Wlthir. tfu 9k am.m>ecio residue* of the 01 oomain ihers it no muwUona' 
intorfiwuon on r«iOvA* S-ft. li 1*. 16, Ife Sfc. 66-71. 7t. &3 6* «nc S7. However, 
the imams oi ix R*iOi C04 1C W tc iftt hu»nar.-rat chimaenr C fcte»n 

elimmaut si. H. it btc 76 'rom tto fel MJiatfcn* whlc», cfcu^c globe aue>eUan 
o» v*ru«-u*e *«» ..v^rv^h) Wnrtinf of s>ve»8. anD-CO^ moriOc tonai Bn«bcx>« 

not corteioereo'"*. Sue*. nkHstkms tf» on)) dou lor amine acuu aoo 
Cx« lec (c ,«.u*ion o» .c»ow» 7. 13. X. 3». 3?. fi«. 5?. ' t. ^ « «t. 

Thai, in ioi». J£ aw»c ackfc e/t exctooec »»cyt coaiiw reiion. 
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an* rewhg in* suutiurt it e u>-a4^> utt»pik*i v . veioce uiitt) t»t> rw a»«?»m 
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The D1D2 crystal lattice contains diad axes that could 
oooommedfite a dimeric molecule. However, contacts acroer 
screv. axes dominsu the lattice interactions and tht only diad- 
mediated interface (between Dl domains) seems unliVely to 
ptxaiat in solution. The lattice interactions of Dl are more 
extensive than those of D2 which is reflected in molecular 
mobilities of the domains: the average B value is 19.9 A for 
Dl ccmparvd with 37.0 A 3 for P2. This accounts for our greater 
difficulty in tracing the D2 chain. 

CD4, like many members of the immunoglobulin superfamily, 
is a tin&U -chain ctU-*urface receptoi composed of ifciidcuilj 
repeated domains. Some of these domains have been assigned 
as V-liXe and others as C-liVe or in the 'C2 set***. The p\V2 
domain of CD4 contain* both types and, apart from the similar- 
itv of CD5 with the PapD bacterial cbaperone protein", this is 
the first three-dimensional structure for such members of the 

Variable-like domain Dl 

Ai anticipated by sequence comparisons, Dl is similar *o the 
variable fV) domains of antibodies. A schematic drawing of the 
folding pattern with standard immunoglobulin designations foT 
Lht secondary siruL-iural cleuiems is sliuwu iu Rg. 3. Strands D, 
D and E male up one & sheet, and strands A. C. C C. F and 
G aic in the oihei sheet of the fi sandwich. In immunoglobulin 

V domains, the first half of suand A is hydrogen-bonded to 
strand B of the outer sheet but tht second half switches to the 
inner sheet. Strand A of Dl is foreshortened and occupier only 
the jnnei -sheet' position, byflrogen-bonoed in parallel with 
strand O. Dl pic-strvts the intei-shee! diiulphide bridge and 
several othei cleniccts of the hydrophobic core characteristic of 
the immunoglobulin name work. Starring from these alignments 
we have superimposed Dl onto representative immunoglobulin 

V domains from Be net- Jones pioiein Rei (Vlk) . and Fab 
New (vla ano vh)". Jhe structurally aligned sequences are 
thrown in Fi^. A. HI fcUft'-rimposftK re.mafVahly wrII onto the 
£-tbeti framework of all V domains, with a best match to Rei 
brii*£jr>g 72 Co atoms tc an r.m.s. oiscrepanry of 1.22 A from 
ry.pra niprrpoe^tion 

In striking conuaat with the conserved core or strands, 
several loops between stiands in CD4 are quite diflerrnt from 
thnsp. in tmmunn£lnhwlin V dnmains. In particular, loop CC is 
shortened by four residues and loop FG (immunoglobulin 
CDK3J is shortened by lour to six residues irorn canonical 
immunoglobulin lengths. These loops mediate V»-Vl dinjrw- 
ation in immunoglobulins, an interaction that does not occur 
with LLM. One aootuon, important tor gp 12U binomg, us the 
lengthening of locp CC" (;cnmuno e lobuli» CDR3) by ihree 
residues in CD* compaitd with k light chains such aa Rei. In 
this re sard, CLX mote closely resembles Vh domains even 
though overall ii superposes best with Pjei. This CDW-1SV* l^ftp 
interacu with lrj> 62, not found in antibodies, end juts out at 
the up. rew oi tnt locp ebbnges in Ul were detected in previous 
alignmentt »ith Kei, and consequently structural predictions 
based on Rei ? ' have failed to capture the essence of CD4. The 
salience of the CDR2 analogue of CD4 and the diminutive 
naiur* of the CC loop and the CDR3 analofcue are evident ba 
Figs 2 and 3. 

Distinctive domdin D2 

Domtin D2 of CD*' has a tertiary folding that can readily be 
recognized as icbcmbling immunoglobulin constant domains. 
Again followii^ standard imxnvno globulin nofnenclsture (Fig. 
3), one ^ sheet of the sandwich-like structure contains strands 
A, E and E, and tht other sheet has strands IS, C, h anc U. 
Dttpiifc ihs g«n«ral similarity or to constant domains, details 
of the folding are considerably divergent. First, the size of D2 
it email (75* residues) compared with that ol inirounoglobulm 
constant dco*airu (-100 residues). This manifeeis hseJf in 
shorter sttand letigths. A second variation is that strand C\ 
NATURE: • VOl 348 - 29 NOVEMBER 2990 
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t-*i 2 senerr.otic companions Oerween oomstru ot CD«J ono oilier 
imniuncgtobulin.-foidcc domains, a Ri&bon diagrams comparing 03 with a 
varlahle A Ught-chEtr, oomair* anfl 8 van able heavy-chain oomeia The point 
of vlcvk Is oz ir. f 2- the CDP loepc of Immunol lob ultnt ©no th*it analogues 
lr. Ca ert indicated by numeral, t. RlbDon-oltgiem cornpa'itoru ot D£ with 
£ constant oomtir. sof with Domain 01 the DacteriBi cnaptront prciein 
PeoO. c Topolog> diEEraiw ane stranc nomtncleturt for thf f sheets in 
CD* anr* ir, vaiebit- anc coos tent dorneins of immuncpCDJllns. 



which correspond? ?c que nti ally to the P strand of normal con- 
stant domains, join? the £ sheet consisting of sUencVC, Fand 
G, retber then beir*£ hydrogen-bonded to strand £ in the other 
sheet. In thi? icrpvct, D? is V-likc. A final striking difference 
from immunof lctulin? is that 02 ha5 it5 disulphide bond 
befuetc strands in the tame sheet, that is strands C and F (Fig. 

2), itotlici llit> ii bcivccii ^liccla tta U usutol, Tliis ft&luic, »UitJi 

h unusual but not unprecedented", bed b*en predicted 1 *; 
hcwevci, strand C was net anticipated. The hydrophobic core 
of immunoglobulin domains is preserved In D2 despite the 
unusual disiilphirir cnr.ncctinn (Fig. 4). Leu 116 on strand B 
occupie5 the position of & normal cysteine partner for Cys 159 
on strand F. The Inward orientation of the Intra-shcet disulphide 
bridge makes it sn important member of the hydrophobic core 
even though it does not join the sheets. - 

D2 can be structurally aligned with the C«l domain of Fab 
Krw {V\g. A), but the resulting spatial superposition is not as 
close as for Dl comparisons with V domains. Only six of the 
seven suacos superimpose at a 2.5 A stringency for matches, 
RJid this givrs 33 Tr.flirhfts with an r.m.*. discrepancy of 1.59 A. 
D? superimposes somewhat less well with the Rei variable 
aoir.a-.n (3U metches within 2.5 A for J.o8 A r.m.s. discrepancy). 
Io Ti-rj. .n? i< mentally more similar in the domains of PapD* 3 
than to immunoglobulin domains. As in the D2 topology, PapD 
domains also exhibit sheet switching (partially in LMlhapD), . 
fully in D2(PtfD)), *nd 39 C/» atntnc of TO (P. DA) ftupf>rirnpn*e 
on Dl(PapD) with an r.m.s. discrepancy of 1.55 A. Drawings 
or the aligned structures are shown in Fig. 3. 

Binding site for gpl20 

The initial moIecuJai event in HIV in/ccuon is the binding of 
gp!20 cd tb« viral envelop* to on the cell surface. The 

high affinit) of thii imerfcctioD, at least for several laboratory 
strains of tht HIV.) virus", has permitted a Oeitllec mvppin^ 
of the binding tii*. Moie thon 200 mutant CD^ fhenmhintnte 
have been CL fiStrucied and tested for gpl20 affinity defs 6, 
1 0- 1 E, J. Art hot * / c/., manuscript submitted, and unpublished 
results). £cmt cf the&t mutant prottim h*ve sue b#-*n used to 
map the CD< epitopes of a battery of monoclonal antibodies. 
In Tsble 2 we distil the mutation results to those point mutants 
in Dl which ircpaii %f 120 binding without causing extensive 
disruptions of structure as judged by antibody binding. Analyses 
havt been reported fot mutations at SO of the 98 residues in 
Dl, but only 19 petitions among then: heve iinp&ct on gpl20 
binding without apparent global conformational change. Thir- 
teen of these arc in (ht span from 38 to 59. Completely buried 



FiC- * f t' or turs - alignment ct the aT«iric-aric cecufnrt> ot 
C0^ dc^nelr*; ether (mmunogloby(lri-/e Irtcr orr.i&iftc. 

S^oto residues have Co positions within 2.5 A of corre- 
sponding CD* positions after optimal superposition of all 
thantn rosin for fl given pair oi domains. (Ltceottons up 
tc J 6C ^ tvert tliosfc-ed fo r residue* ir tnt mlod't cf ttftndi .) 
CC(.r- Juix rucalllor. iclctt r e cr ntir, r.afr,oc Ol pes' tkm A 

wn*nr, :ht sreclfji-c 2.$ A limit &no tht At Hitter; s: c ci-nair. 
i. ms d;bCfeparu^. a. ;or the meic/i ot with h«i (VlmA 
\ a 77 pjvi A = i 7? I; fftr Dl versus New fVU 1. /V* 66 end 
:a2 A: ano for 01 versus. New h/n). /V= 66 and A» 
I.I 5 A.' Fui t/it nietch of 02 with hem (Oil). /V- 33 ond 
A- for versus P8PWD2), W«35 ano £ = 1.2C A' 
to' CS vtrisut PapD(Cl). rV= 3t enc £ » 3.5t A" ano for 01 
wfcftu* Pc* fV lw ). A'= SO and fl.» Th*. aHBrvnen:s o: 

CI vtrsut PapD(Dl) ano 02 veraua Rei (VrnJ are not shown. 
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residue? can be discounted as direct ponicip&nu in binding 
beceusc their ttpotvrt would rtquire m^jor conformetional 
ch&nfe, which is without precedent for immunoglobulin 
domains. Wc have Cfcliuloted the decree of cxpc?urt for etch 
residue in Dl fTfible 2). end find thzi three of the gpl20-5ensitivc 
rcjidues, Gly 3fc\ AJc tt end Phe 67, ere intcccpsiblt. It seems 
unJJLeJy ihai chhci 1vj29 or Oln 64 is critical for tir.dinj 
her.Aii*r there is no effect for mutetior.f ai ihe more exposed 
neighbours of Lys 29 ot for single oi multiple mutations at 6*, 
eycepi slenlne. Thus only the alanine icpUccmcou at 77, 01 
£nd f t fall outtide of tht * 1-59 span. The distribution of binding 
mutants is shown in Rg. 5a, b. 

The imponancr of the 41- .3? region in 1 JIV binding is corrob- 
nrsip.ri hy a rhimt enr CD* in which the human sequence from 
36 tc 62 hfcf beer, insened into ret CD^ (A. F. Willi* mr. personal 
ccmmtjnic£ticD).This imparts full gpi?G binding gltuviu on iJic 
nnrrr.elty iinr#>anive rst f!D4 molerule. It also shows thfit 
33 additions! side chains which differ in ret and human 
CD4, including Gin rfl, are not absolutely essential for the 
binding 4 . But, Glu 77, Thr 83 »nH Hlu R5 are emocf rhe residues 
conterved between rodents and prim&ies. Thus, whereas the 
region is positively identified a? being involvrd in 
gpl30 binding, psniripstion of rhe 77-5t« region cannot be 
excluded. 

Antibody binding studies also help ic oenne the gp 120 binding 



she (?*fj 1 0, dfl. anrlnur unpublished results), pointing especially 
to the CDR2-like region. Two major groups of Dl -binding 
monoclonal antibodies have been described ana then epitopes 
ere illustrotcd in Fig. 5 c The epitope of enc cross- blocking 
group, typified by Lcu?b, maps to the CDR2-Iike loop and 
usually includes poarons or the CDRHiie loop. These anrj- 
fccdic; abc block gp1?0 binding. The epitope «r the second 
fircuc. typified by monoclonal L71, includes the CDR3-likt loop 
and sometimes c portion of the strand G. These antibodies 
inhibit vi r* | in ft «io n end ccl) fusion, but do not efficiently block 
gpl20 binding; some even form ternary completes with gp!20 
and CD4 (A. Trunch ei aL. manuscript submitted). 

Tnc CDR2-likc region thai ic strongly implicated in gp)20 
binding is also very prominent in the CD* structure (Figs 3 and 
5). The C'-C* hairpin loop at Gin 40- Phe 43 is almost completely 
exposed. MoM MriUr,gJy, the hydrophobic side chnjn of Phe 43 
juts cut into the solvent as shown in Fig. 5e,/ The involvement 
of s phenyl group in binding is also suggested by peptide 
inhibilui Mudics* 1 * 3 . IT the 77-05 span were elao to be directly 
involved in £pl20 binding, this would present a puzzle because 
thif site is on a face nearly opposite from the CDR2-Iike region 
(the vector from the moUcular centre of Dl through C«»d3 
makes an angle of 152° with the similar vector through Co 81), 
snd no intervening residues have been implicated in gpl20 
recognition. 



«'^>^r-v.-:C' v.- ■ v •- 




FIG F Imag f>s of CCW reletlng to sitet of Interart/or, wttf. H'V; s Co backbone 

cf D3 with ollf a Impllcctcc' by nwtotloft8l fine 1 fcirurturoi arwtyiK tr sffc»rt 
higt.-sffinity gf-20 fcindlnc (set Tacit 2). Ncn-buried rceldue? that show 
reduction in binoing wttnoLrt gionat disruption ot t nurture Juuveu* by 
sntibcoV binding) a»t colour*C r*o-or*nf« (2S. 4 J AZ ^3, t£ t 4£, Al . dp. 
t5 bf t£. 77. 81 anc ?5) on e beoVbonf drawn by WORM (i. Andir*w 6 ). 
Thf o*ientMlor. ir bp In figs- 7 one" 3. b ^/or ot»r Wsslr' eurfarc of 03 wiU-, 
t\tit chfin* of 6F250.5fn«illvr resldutJ coJourtd. TrxiSf shewing mertvtd 
it durtlonj arf in pink t«3 &A, Bl, ere vifciot) anc most snowing mooereie 
f fffrrtf am In pumif 15F. <i2 are visible). Tn> point of view it frorr, abovt 
£ loolnr oowr. at uv Upf cf CDR.Ifce loops c Van der Weo'i' lurfact of 
C2 >riu. eidr chei'n* of entIfcod> ephopec ociour*c\ Ptcld^* ld*Miritd wKh 
bprtope? of th# I eu3? femlrj' and shown In purpl* ?*, 57, ^3. vitlble) 
anr tftoa* Identifier wttr. tnr 1 73 family snewn in yeiio** (©e ef, viB/Dte). 
The wli^w Is roujinly as In 0 d Eiect/ostetk pctemtot eurfece computed with 
DE1PHT 3 ai neutral pH and displayed with AAK (A. Nlcholls and 8. Honlg) 



at thf IpvpU of thp sctveni-ecotrSsiDi© surface, witr, t ptooe raoiu« of 1.4 A. 
Rii^ f tp . P «rrt > nnRrtitfF. noTtnilal. rec neEatlvt. end white neut/al. The 
ntf Ptivt peich li essocieied with reslouei 65. £7 aid 88. The view la 
dpptOMrnatel) c: In t e. An bli^tom rcprcocnictior. of DX02. fiuiouac <" 
tne gr:?C-bindlnc regior, from residue JB1 to bf are drawn Jn red. The 
direction of vim ii roughly as In Pig. Z out tn* mcitcuie ha* Uccn toibieo 
h y * o/r ahn.rt TWr \,\ HW This view illustietti The exposed nature ot 
Pnf- Sc. The actua' conformetlon of thif phenyl sJoi chain in the eryeiaf is 
et ltdti pcoi) determined b ? letUcc Intcroolioni,. bui it* highly vxpoxod 

nature wouie 8i&c be expectec tc persist In other conformations eccessfcle 
In eolation. f.Stertovtew of the molecular aurrace in tne mojui gpi20-ulnuiMK 
ffgior. of 0". ^ t/vtu ar^ drawn e& In e. and are envefoped by the surface 
In contact with a probe sphere of 1.4 A radlui ar dlapjeyed by QUANTA 

tPulytfcu)* "Hit vitr^ It taker, after rctetlon Iron-, e by r-90° ebout the 
horizom Bf axis. 
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Fusion determinants 

After the initis) binding event, entry of vime into the cell occurs 
thrcufh fusion of cellular end viral envelope rncrctranes- In 
addition, HIV-infected cells fuse with uninfected CD4* cells tc 
form syr*cyiik 9 a pieces* mediated by inttrijciicns between HIV 
envelope protein expressed on the infected cell surface end CD4 
on the uninfect d cell. Syncytium fomifcticn it thought tc rrimic 
viral entry and could be an imponani mods of viral spreading. 
Chimpanzee CD4, which binds to HJV but dce< not support 
syncytium fcrmttion, ha* Gly replacing Gk at residue 87. This 
replacement in human CD4 abolishes syncytis formation while 
pxctenixifc spl 20 binding 17 and, curiously! normal viral infection 
kinetics. Residues 88 end 89 arc also implicated in this process 
by mutation (Table 2). These icsiducs Jie at the >9-turn tip of 
the CDR3-like loop in Dl and are pan of a patch of negative 
potential on the otherwise mo«rl> positive D1D2 surface (Fig. 
5d). The CDR3-li*e loop is spatially separated from the CDR2- 
likc loop implicated in high-affinity binding to gp320 (Ca87 is 
17 A from Co 43). In accord, monoclonal antibodies of the L71 
family block syncytium formation although ihey permit gp)20 
binding to CD<. So, it seems that the CDR2-like loop is necessary 
foi secondary interactions between the viral envelope and CD4 
before fusion. This could relate to CD4*induced release of gpl20 
from virus Bnd infected celli 4 * -13 and exposure of a fusogenic 
domain on the membrane envelope protein gp41. 

Immune response interactions 

The observation that CD4* lymphocytes react only with class 
Il-be firing targei cells suggests that CD« associates directly with 
clfcss 11 MHC, and it is thought that CD^ may also have a role 
in signal transduction. Tht re is evidence from cellular assays to 
support iht association of CD4 wiih class II MHC molecules* 0 , 
the T-cell receptor" 17 , and the p56 ,c * kinase 4 ', as well as other 
CD4 molecules 40 . Except for the interaction of CD* with P56 1 **, 
however, these tssocibiions are necessarily weak and thus 
difficult to measure. Mutagenesis in vitro has been used to 
identify the sites on CD4 that interact with class II MHC 
molecules. Gn ihc b&si* of assays of either cell adhesion"* 30 or 
inteileulrin-2 production 11 , large separated expenses of the CD4 
molecule, involving regions on Dl, D2 and D3, have been 
implicated in the CD*- MHC interaction. These findings are not 
easy to reconcile with the structure of CD4. Some of the disrup- 
tive mvuticn? occui in contact or bridging regions berwetn the 
domains. Perhaps some of the other disruptions re fleer complica- 
tions from the diverse components of the cellular system rEther 
than direct binding. For example, $elf-2Ssociarions of CD4 ,p 
might be involved in signal transduction and possibly in class 
II binding. 

Evolutionary implications 

TLeie is little doubt that CD4 and immunoglobulins have evol- 
ved from a commcn ancestor: Intro n and domain boundaries 
coincide and, although the ..sequences are higbly divergent, 
superimpose ble sirand topologies and a common hydrophobic 
core are preserved. It stems likely, however, that evolution to 
the antibody family, with its vaat repenoire of dim eric receptor 
units, was a latex event, and that CD4 is more prototypical 
of immunoglobulin supcrfarnily receptors wbicb are often 
monomelic and npcpolymorpbic. The absence from CD4 of 
J-Jike regions, which impart diversity in antibodies, is consistent 
with this. The progenitor of the diverse immunoglobulin stiper- 
ftmily of the present may have its vestige in the gene structure 
of Dl, which is split by bo intron (at position 47) as are genes 
foi othei imrxuncglobulin-like domejW 53 . A quasi-diad axis, 
perpendicular to the theeis and passing midway betwreo strands 
B and E on one sheet aod between strands C and F on the 
othct, can be used tc superimpose successive sutnds in the first 
exon on those in the second exon. An immunoglobulin pro- 
genitor produced by e gene duplication event 53 might have been 
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V-like, but a P2-like progenitor thai would evolve to V and C 
domains U also a possibility. 

Whatever the course of evolution, it is remarkable that 
molecules that function in recognition are often members of the 
immunoglobulin gene family. Clearly the immunoglobulin fold 
prcvides a facile framework from which a variety of loops with 
distinctive characteristics can be eiab rated. TTiese lo ps can 
h&vr diiunct function*, as in binding to gpl20 at the CDR2-likc 
loop and affecting fusion from the CDR3-Iike loop, and such 
modularity might have evolutionary advantage. Similarly, the 
quasi-symmetric nature of the immunoglobulin motif, with N 
and C termini at opposite ends, facilitates the concatenation of 
tandem, flexibly linked modules that can have distinct roles. In 
the case of CD4, one domain might be involved in class II 
binding whereas another domain might effect self-associations 
of the kind found in crystalline polymorphs 1 *, and these could 
be essential for signal transduction. Indeed, in an alignment of 
D3 with Dl, dimcrizaticn loops of immunoglobulin V domains 
would not be fore shone ncd in D3 as they are in Dl. Such 
modules cculd evolve separately and be recombined by 
exon shuffling to integrate complex recognition and effect r 
functions. O 
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Entropy production as the 
selection rule between 
diffeient growth morphologies 

Adrian HBI 

pnysioiofertai LaDo/ atory. Downing S treet carnDriage CB2 3E6. Utt 

CRYSiAUiZiTioN ol a solid phas* frorc a melt or solution Is 

» >prvi«J Cai3« of p»CUi» r<,jui*tii>u iw r I itch tin di*Ui|i»lloii or 
energy across the free energy gradient bttveen tfce h*o phases can 
give rise to various growth morphologies in the steady start . 
Experiment*) studle* of crystalliaanoo from undetcooled *ol- 
urlon**, electrolytic de position 3 * - and tbf forma Hoc of fluid pat- 
terns in a Hele-Shaw ceil 5 ba*e regaled faceted, dendritic, 'dt nse- 
bruocblng' and fractal morphologies*. Foi a ajaicm *ilb fi>rd 
anbouop) and inttr(acial unston. cbsngw in tht dritint fot« for 
ihc uanMiioD (such a» the degre* of undercooling) car cause 
cu»n£R in K* ur » b rnoipiiuiuBy "bicli i»r» ususllj »ci-unip*i»i«d bj 
cbanget Id growth isit. Tbe aeleciJon rule thai determine* thwe 
morphologies remains unclear, fllth©u{fc a recent suggestion is 
thai it Is based on U)t gsu^ih vclocltj. H*r* 1 prupu»t th»i aclrcliun 
U govtrned bv tb» rati of entropy production per unit art* of the 
djUcicoi giowth para/na.Tbis principlt allonf accurtu prediction 
of tbt morpbologj waosliloD observed for the crjsialllaatlon or 
NH.CI <rel. 2). 1 suggest that It may reflect a more general 
thermodynamic principle underlying a *lde range or natural pro- 

Ce rYJnMfip.r in* formation nf a generalized 'crystal' in which the 
driving force X (ignoring surface terms) is pToponicnel to either 
jupcr^turation, prtwurt oi other flelOS. The form or the crystal 
involveN many .surfbet orientation? which have s different sur- 
face frtc cneigics. Denoting this surface free energy /by 

where u and j are the surface energy and entropy of the crystal, 
the velocity V representing the reU ol crystalluaiion is expressed 
as a linear function 

where > is *br rfitlr.rr.n«i between the Tree energies of the 
dissolved solute and the bulk solid and $ is the. free energy 
requireo to increase tne area, so that X- a Is the totaj driving 
lorte, and L is the rate coefficient rcfleciine ih* grnwrh rate nf 
a particular morphology and its rate of entropy production. The 
dissipation is given by 

d,-oS/oj= vpc-t>)= MX-e) 1 O) 

wbeie B is a linear iimciion of J and 5 is tne entropy created 
in the cry«ulUaaiion. A model of tbe prows of growth that 
relates velocity to driving force is a model of the rate coefficient 
and a link between the kinetics and the entropy production. 
fcen-Jfccob tnd Gwik 1 *ugg«st rhat thrre must h* a conjugate 
variable to the avtitfe rate of crys*8l growth. This conjugate 
varicble is the totcc (A - tf). tquaiions tf) and (3) aitume 
Uneai phcnomenologicHl reJation* hu» rhr.se ft re merely con- 



venient and not essential; they almost certainly do not hold Tar 
ftom equilibrium or when chemical reactions occur. 

The di«ipoiion functions of two morphologies formed by 
adjacent steady states will in general have crossover points (Fig. 
1). It follows directly from equation (3) that the crossover point 
for cdj&ccnt morphologies occurs ot the driving force 

There are entropir ciossovftrs hrran$p. ftQiiarion (^) is a par^hola 
in the $ - X plane: the section between X « 0 and X * 6 rep- 
restnts a disaggregation of the crystal structure. This does n I 
normally occur in «»perimen« unless crystals are initially pres. 
em, in which case one morphology disappears as the other is 
formed. As <p is always positive, I consider lor the moment only 
the pans of the enuopy eurv« with positive B radI«oU because 
these represent crystallisation, chat is, the forward reaction 
driven by X Reference to Fig. 1 shows that if a crossover point 
U to occur in ihi* domain when B t < fl a then L l <' L x . At higher 
driving forces ntu- crossovers occur if their tit 5ie*dy states 
that can exist by oresiing other morphologies wj;h highet values 
cf L. Wh*r, tht driving force is reduced from c. hir h value, the 
principlt of ieitction for the steady state with highest value of 
4> predicts thai at the crossover points (c, Lnd c z in Fig. I) 
irfiiuiiiom crrvr ic difierent steady state* procuring diflertnt 
crystal morphologies. In the linear regime these transitions can- 
not occur without discontinuities in the rate of crystallization 
becaute. ac follows from equations (2) and (4), the only point 
free ft om such discontinuity is the trivial one 

(0,-e 2 )Vri7Q-o (5) 

in w hich the rates art 2tro. Small differences in entropy produc- 
tion rates ai a crossover, however, could lead to small changes 
in olu|/c logciiici widi bmall discontinuities which may be 
masked by variation in the data. Discontinuities are indeed a 
striking feature of morphology changes in various experimental 
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TKl a. T. fc otfWn** poinu «h end c, of the entrop* cu^ P^e {^olia 
lints) ol three morphologtes.The associated velocities 
ere also shown. The constants tor the tnree emtoylw ^-0i, 
^.-nn-. /.=4. fi c -l? U & 67. « s *12. 
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